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1. Sumary 
Phosphoenolpyruvate (PEP) is a key intermediate of cellular metabolism and a 
precursor of commercially relevant products. In Escherichia coli 50% of the 
glucose-derived PEP is consumed by the PEP:carbohydrate phosphotransferase 
system (PTS) for glucose transporto PTS, encoded by the ptsHlcrr operon, was 
deleted from JM101 to generate strain PB11 (PTS-Glc} PB12, a mutant derived 
from PB11, grows faster than the parental strain on glucose (PTS-Glc+ phenotype). 
This strain can redirect some of the PEP not utilized by PTS into the high yield 
synthesis of aromatic compounds from glucose. In this thesis, we report a 
comparative transcription analysis among these strains of more than 100 genes 
. involved in central carbon metabolism during growth on glucose. It was found that 
in the PTS- strains that have reduced glucose transport capacities, several genes 
encoding proteins with functions related to carbon transport and metabolism were 
upregulated. Therefore, it could be inferred that these strains synthesize 
autoinducers of these genes when sensing very low internal glucose or glucose-6P 
concentrations, probably for scavenging purposes. This condition that is 
permanently present in the PTS- strains even when growing in high glucose 
concentrations allowed the simultaneous utilization of glucose and acetate as 
carbon sources. It was found that the gal operon is upregulated in these strains, as 
well as the aceBAK, poxB and acs genes among others. In PB12, g/k, pgi, the TCA 
cycle and certain respiratory genes are also upregulated. A mutation in arcB in 
PB 12 is apparently responsible for the upregulation of the TCA cycle and certain 
respiratory genes. 

2. Resúmen 
El fosfoenolpiruvato (PEP) es un intermediario clave del metabolismo cellular y es 
precursor de productos de valor comercialmente. En Escherichia coli el 50% del 
PEP derivado de la glicólisis, se consume por el sistema de fosfotransferasa 
PEP:carbohidrato dependiente (PTS) para el transporte de glucosa. Este sistema, 
codificado por el operón ptsHlcrr, se deletó en la cepa JM101 para generar la cepa 
PB11 (PTS-Glc} PB12, es una cepa mutante derivada de PB11, que crece más 
rápido que la cepa parental en glucosa (fenotipo PTS-Glc+). Esta cepa puede 
redirigir parte del PEP no utilizado por PTS hacia la síntesis de compuestos 
aromáticos a partir de glucosa con alto rendimiento. En la tesis se reporta un 
análisis transcripcional comparativo entre estas cepas de mas de 100 genes 
involucrados en el metabolismo central de carbono, durante crecimiento en medio 
mínimo con glucosa. Se encontró que en las cepas PTS- que tienen capacidades 
de transporte reducidas, varios genes que codifican para proteínas con funciones 
relacionadas con el transporte y el metabolismo se sobreexpresaron. Por lo tanto, 
se pudo inferir que estas cepas producen autoinductores de estos genes cuando 
la célula sensa muy bajas concentraciones de glucosa o glucosa-6P interna, 
probablemente con propósitos de "scavenging". Esta condición que es permanente 
en las cepas PTS- aún cuando crecen en altas concentraciones de glucosa 
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permite la utilización simultánea de glucosa y acetato como fuentes de carbono. 
Se encontró que el operón ga/ está sobreexpresado en estas cepas, así como los 
genes aceBAK, poxB y acs entre otros. En PB 12, g/k, pgi, los genes del ciclo TCA 
y ciertos genes respiratorios también están sobreregulados. Una mutación en arcB 
en la cepa PB 12 aparentemente es responsable de la sobreexpresión de los 
genes que codifican para proteínas del ciclo TCA y de ciertos genes cuyos 
productos están involucrados en la respiración. 

3. Introducción y antecedentes. 

La disponibilidad de fuente de carbono, así como la presencia/ausencia de 
nitrógeno, oxígeno y otros nutrientes, son las principales señales 
medioambientales que determinan los ajustes metabólicos necesarios para la 
adaptación de las redes metabólicas a una condición fisiológica en bacterias. Así, 
el estudio de la regulación del metabolismo de carbono en procariotes se ha 
enfocado a una búsqueda intensiva en las últimas décadas a este respecto. Ya 
que la red metabólica central de carbono incluye reacciones y rutas generales 
compartidas por muchos organismos, los estudios que se han llevado a cabo en 
Escherichia co/i han constituido una plataforma para el estudio del metabolismo de 
carbono en otros microorganismos. El hecho de que para muchos 
microorganismos la glucosa es la fuente de carbono preferida ha dado como 
resultado el desarrollo de una red reguladora compleja denominada "represión · 
catabólica por carbono" que permite la utilización de glucosa sobre algunos otros 
carbohidratos o fuentes de carbono cuando una mezcla de ellos está presente en 
el medio (Fraenkel, 1996). Para esto, la bacteria, al igual que otros organismos, 
tiene sistemas sensores que monitorean su alrededor y gracias a ello pueden 
inducir o reprimir sistemas genéticos para la utilización de un gran número de 
fuentes de carbono, detectar gradientes de concentración de nutrientes, adaptarse 
a cambios de fuerza osmótica, a condiciones de estrés, a cambios de ambiente 
aeróbico o anaeróbico, y a limitación de nutrientes. Muchas señales del exterior 
celular captadas por sistemas sensores, son convertidas en una respuesta que 
puede involucrar un cambio en la síntesis de proteínas, la regulación de una 
actividad enzimática, cambios en movilidad, u otros procesos. Varios de estos 
sistemas sensores tienen en común la fosforilación de proteínas en un residuo de 
histidina, serina o ácido aspártico. A este tipo de sistemas sensores se les 
denomina sistemas de dos componentes en los que uno de los componentes es el 
sensor y el otro es el regulador de la respuesta celular. Uno de estos sistemas 
sensores de dos componentes (Nam et al., 2001) y el principal regulador de la 
represión catabólica es el de la fosfotransferasa de carbohidratos dependiente de 
fosfoenolpiruvato (PTS). 

3.1. Sistema PTS 
El sistema de fosfotransferasa fosfoenolpiruvato:carbohidrato (PTS) (figura 

1) es un sistema protéico que pertenece a la clase de transportadores del 
grupo de los translocadores, que están ampliamente distribuidos en bacterias 
(Saier, 2002). Una de las principales funciones de este sistema es el transporte 
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histidina, serina o ácido aspártico. A este tipo de sistemas sensores se les 
denomina sistemas de dos componentes en los que uno de los componentes es el 
sensor y el otro es el regulador de la respuesta celular. Uno de estos sistemas 
sensores de dos componentes (Nam et al., 2001) y el principal regulador de la 
represión catabólica es el de la fosfotransferasa de carbohidratos dependiente de 
fosfoenolpiruvato (PTS). 

3.1. Sistema PTS 
El sistema de fosfotransferasa fosfoenolpiruvato:carbohidrato (PTS) (figura 

1) es un sistema protéico que pertenece a la clase de transportadores del 
grupo de los translocadores, que están ampliamente distribuidos en bacterias 
(Saier, 2002). Una de las principales funciones de este sistema es el transporte 
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y fosforilación dependiente de PEP de varios azúcares denominados azúcares 
PTS. Este sistema está compuesto por dos componentes generales 
denominados El y Hpr cuya función es transferir el grupo fosfato del PEP a un 
componente azúcar específico IIA y posteriormente al componente de 
membrana IIB quien transporta y forforila al azúcar PTS. Los componentes 
generales del sistema El (codificado por el gene ptsQ, Hpr (codificado por 
ptsH) , y el componente azúcar-específico EIIAG1c (codificado por err), el 
transportador de glucosa EIICBG1c (codificado por ptsG), así como el complejo 
AMPc-CRP, son miembros del modulón de represión catabólica que regula la 
actividad de muchos operones catabólicos y el transporte de carbohidratos. 
Los primeros tres genes están organizados en el operón ptsHlerr, mientras 
ptsG se encuentra en otro locus. Una mutación en cualquiera de estos genes 
tiene efectos pleiotrópicos debido a alteraciones en los niveles de cAMP, y una 
capacidad de crecimiento limitada en azúcares PTS y no-PTS (Kirkpatrick et al, 
2001; Arnold et al, 2001; Schellhorn and Stones, 1992). 

Figura 1. Sistema PTS 
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Algunos de los componentes PTS de glucosa tienen efectos indirectos de 
regulación a nivel de la transcripción. Por ejemplo, se ha demostrado que 
EIICBG1c tiene propiedades regulatorias, primordialmente mediadas a través de 
la interacción directa con el regulador global Mlc (codificado por mlc). Este 
efecto regulador se ejerce sobre el gene ptsG, el operon ptsHlcrr y otros genes 
pts (Notley-McRobb and Ferenci, 2000; Seitz et al, 2003; Zeppenfeld et al, . 
2000), así como sobre el gene gapA y el operón gapB-pgk (Charpentier et al, 
1998). De Reuse y Danchin (1991) proponen que el componente EIICBG1c es el 
sensor de un sistema de dos componentes que controla al operón pts, así 
como a otros genes (De Reuse and Danchin, 1991; De Reuse et al, 1992; Nam 
et al, 2001). 
Además, el componente EllA Glc del sistema PTS para glucosa tiene un papel 
regulador en la represión catabólica y en la exclusión del inductor mediada por 
PTS. Esto ocurre a través del componente EIIAG1c desfosforilado, el cual se une 
reversiblemente a transportadores no-PTS, como el de lactosa, melibiosa, 
maltosa, rafinosa o glicerol impidiendo su función. En su forma fosforilada, 
EIIAG1c activa a la adenilato ciclasa Pcara sintetizar AMPc. Además, se ha 
demostrado que el componente EIIAGc fosforilado (EIIAG1C_P) tiene un efecto 
regulador sobre la subunidad aS de la RNA polimerasa codificada por rpoS. 
Este regulador central en condiciones de ayuno de nutrientes está sujeto a 
regulación compleja a nivel de la transcripción, la traducción y estabilidad del 
producto. El efecto de AMPc sobre rpoS parece estar mediado 
transcripcionalmente, mientras que EIIAG1c_P controla negativamente la 
traducción del RNAm de rpoS (Ueguchi et al, 2001). Así, el estado de 
fosforilación de EllA Glc constituye el enlace principal entre catabolismo de 
carbono y ayuno controlando la traducción del RNAm de rpoS (Hengge-Aronis, 
2002). Por lo tanto, PTS forma parte de una red reguladora global que controla 
la capacidad de la célula para encontrar, seleccionar, transportar y metabolizar 
varios tipos de fuentes de carbono (Postma et al, 1996). 

3.2. Ingeniería de vías metabólicas y relevancia del PEP 
El objetivo central de la ingeniería de vías metabólicas es el de optimizar la 

formación del o los productos deseados e incrementar la eficiencia en la 
utilización de los nutrientes durante un proceso de fermentación a través de la 
alteración de alguna(s) ruta(s) metabólica(s) (Bailey, 1999). 

Uno de los principales retos en el desarrollo de un proceso comercial 
basado en la fermentación utilizando microorganismos, es la reducción de los 
costos de producción. Las metas más comunes a alcanzar para lograr este 
objetivo comprenden: incrementar la productividad, el rendimiento y la 
concentración final del producto con lo que se disminuyen los costos de 
fermentación, del sustrato y su purificación. 

A nivel de fermentación industrial, la glucosa es una de las fuentes de 
carbono más baratas y comunes que se utiliza para crecer microorganismos. 
Este compuesto se transporta al interior de la célula y se convierte, a través de 
varios intermediarios, en compuestos base que sirven a su vez para construir 
las biomoléculas que conforman a la célula. De la glucosa, así mismo, también 
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se obtiene la energía que se utiliza en todos los procesos fisiológicos. Los 
aproximadamente 75-100 compuestos primarios que sirven para construir 
todas las moléculas que conforman a la célula, se sintetizan a partir de doce 
metabolitos precursores que se presentan en la tabla 1. 

Glucosa 6-fosfato 
Fructosa 6-fosfato 
Ribosa S-fosfato 
Eritrosa 4-fosfato 
Triosa-fosfato 
3-fosfoglicerato 

Fosfoenolpiruvato 
Piruvato 
Acetil-coenzima A 
a-cetoglutarato 
Succinil-coenzima A 
Oxaloacetato 

Tabla 1. Metabolitos precursores para la biosíntesis de compuestos celulares. 

Todos estos compuestos derivan de glucosa a través de la glicólisis, la vía 
de las pentosas y el ciclo de los ácidos tricarboxílicos (TeA) (figura 2). 

Las bacterias que crecen en un medio mínimo que contiene solo sales 
minerales y glucosa, necesitan sintetizar estos doce metabolitos precursores. Pero 
no todos se necesitan en las mismas concentraciones. Por ejemplo, los 
aminoácidos aromáticos que se sintetizan a partir de algunos de estos 
compuestos, son relativamente poco abundantes en la célula. Por esta razón, la 
célula mantiene un cierto flujo de carbono en cada vía metabólica, el cual depende 
en general, de la demanda de los productos que se formen a partir de ella 
(Neidhardt et al., 1990a). 

El costo efectivo y la producción eficiente de compuestos o derivados de la 
ruta común de aromáticos requiere que las fuentes de carbono tales como 
glucosa, lactosa y galactosa se conviertan al producto deseado con un alto 
porcentaje de rendimiento. Así, desde el punto de vista de producción industrial, 
los compuestos aromáticos y otros derivados biosintéticos de esta ruta, pueden 
ser valiosos para aumentar el flujo de fuentes de carbono en y a través de la ruta 
común de compuestos aromáticos, para incrementar la producción del compuesto 
deseado. 

El fosfoenolpiruvato (PEP) es uno de los compuestos precursores mas 
importantes en las rutas biosintéticas (Holms, 1986) (Fig. 3), particularmente en la 
de biosíntesis de aminoácidos aromáticos. La principal fuente de este compuesto 
proviene de la vía de glicólisis. El mayor porcentaje de este compuesto se 
transforma en piruvato por dos rutas; por el sistema PTS (66%) y por la acción de 
las piruvato cinasas PykA y PykF(14%). La otra vía que utiliza PEP en una 
proporción importante, es la que lo transforma a oxaloacetato (16%), uno de los 
intermediarios mas importantes del ciclo de Krebs. De lo anterior se deduce que 
una mínima parte del PEP se dirige a la formación de aminoácidos aromáticos 
(alrededor del 3 a 4%) (Fig. 3). 
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La mitad del PEP producido durante la glicólisis es consumido por PTS 
durante la internalización de glucosa. Esta restricción metabólica limita la cantidad 
de PEP disponible para la síntesis de varios metabolitos derivados de este 
precursor cuando E. col; utiliza glucosa como única fuente de carbono. Por esta 
razón, se ha hecho un esfuerzo importante enfocado al desarrollo de cepas de E. 
coli para Ingeniería de vías metabólicas y propósitos de producción que puedan 
transportar eficientemente glucosa por un mecanismo independiente de PEP 
(Saier, 2002). Sin embargo, la inactivación de PTS provoca un amplio rango de 
efectos debido a su importante papel en la fisiología celular. Por ejemplo, una 
deleción del operón ptsHlcrr en E. col; disminuye el transporte de glucosa y la tasa 
de crecimiento (fenotipo PTS-) (Flores, 1995; Flores et al, 2002). Por lo cual las 
cepas PTS- no son apropiadas para propósitos de producción. Por lo tanto, se 
requieren otras modificaciones genéticas para incrementar la capacidad de 
transporte de glucosa en una mutante PTS-. Se han reportado diferentes enfoques 
que permiten alcanzar, con diferentes grados de éxito, esté objetivo con el fin de 
mejorar una cepa de producción de metabolitos específicos (Flores et al, 1996; 
Chen et al, 1997; Chandran et al, 2003; Báez-Viveros et al, 2004). 
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En nuestro laboratorio hemos aislado mutantes de Escherichia coli carentes 
del sistema PTS con el objetivo de utilizarlas para incrementar el rendimiento de 
ciertos metabolitos precursores de compuestos aromáticos a partir de glucosa 
como fuente de carbono. La hipótesis es que el PEP que normalmente se utiliza 
para transportar glucosa mediante el sistema PTS, al no ser utilizado en las 
bacterias PTS-, pueda canalizarse hacia la síntesis de 3-deoxi-D-arabino
heptulosonato-7-fosfato (DAHP) que es el primer precursor de la síntesis de 
compuestos aromáticos (figura 2). 

Se ha señalado que las bacterias de Escherichia coli carentes del sistema 
PTS crecen lentamente en medio mínimo con glucosa (fenotipo PTS-) , por ello no 
son adecuadas para el propósito de incrementar la producción de compuestos 
aromáticos. Por tal razón, hemos aislado cepas mutantes a partir de una cepa 
PTS- (PB11) que crecen mas rápidamente en medio mínimo con glucosa como 
fuente de carbono utilizando un cultivo en lote hasta que las células alcanzaron la 
fase estacionaria, seguido de un sistema de cultivo continuo con diferentes tasas 
de dilución (D = 0.4-0.8 h-1

) con tres tiempos de retención (tR)cada una. A partir de 
este experimento se aislaron cepas PTS-Glc+, entre ellas las cepas PB12 y PB13 
(Flores, 1995; Flores et al., 1996). Cabe señalar que aunque la cepa PB13 se aisló 
en una D =0.8 h-1 Y que inicialmente esta cepa tenía una J.! de 0.69, con el paso del 
tiempo esta cepa perdió dicha característica aún en los gliceroles congelados y su 
J.! final ha sido de 0.49. 

Hemos demostrado que cepas PTS-Glc+ y entre ellas la PB12, una vez que 
son modificadas genéticamente (a través de incrementar los genes tktA y aroGbr 

en multicopia), son capaces de canalizar parte del PEP no utilizado en el 
transporte de glucosa hacia la síntesis de compuestos aromáticos. Por la 
importancia biotecnológica de las cepas PTS-Glc+, a continuación se presentan los 
procedimientos que permitieron obtener estas cepas. 

3.4. Construcción de cepas PTS y PTS Glc +. 

Para obtener una cepa capaz de transportar glucosa utilizando una ruta 
metabólica diferente a la del sistema PTS, se deletó el operón pts de una cepa con 
genotipo conocido. Para ello se transdujo a la cepa JM101 la deleción L1(ptsH-/, 
crr)kan contenida en la cepa TP2811, mediante el bacteriofago P1. Se 
seleccionaron colonias resistentes a kanamicina y se contraseleccionaron colonias 
blancas en medio Mac Conkey suplementado con glucosa y Km (Mck-glc-Km). De 
este modo se obtuvo la cepa mutante PB 11 L1 (ptsH, ptsl, crr) KmR a la que se le 
determinó el fenotipo PTS. Esta cepa es resistente a kanamicina y fosfomicina, no 
puede utilizar azúcares PTS y crece en carbohidratos no-PTS. Los resultados se 
muestran en la tabla 2. 
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Tabla 2. fenotipos de las cepas PTS+, PTS-, PTS-Glc+. 

Cepa Km Fm Glc Fru Man Gli Mal lac Gal 

JM101 S S + + + + + + 
PB11 R R + + + 
PB12 R R + + + + 
PB13 R R + + + + 

(-) No crece, (+) si crece, (R) resistente, (S) sensible. 

En la literatura se reporta que las mutantes pts- tienen un tiempo de 
duplicación de entre 10 Y 20 horas y que en medio mínimo con glucosa como 
única fuente de carbono se generan mutantes espontáneas que pueden usar este 
azúcar por una vía diferente a PTS (Biville et al., 1991). Estas mutantes tienen 
velocidades de crecimiento (f.i) similares a las de la cepa silvestre. Estos datos 
sugirieron que posiblemente pudiera haber diferencias en las velocidades de 
crecimiento entre revertantes PTS-Glc+ dependiendo de la facilidad con que 
puedan transportar la glucosa. 

Por tal razón, se decidió hacer un cultivo continuo en el que se varió la tasa 
de dilución del medio de cultivo para permitir la selección de diferentes mutantes 
de acuerdo a su velocidad de crecimiento. 

Para fines biotecnológicos, sólo son aceptables en principio velocidades de 
crecimiento de por lo menos el 50% con respecto a la cepa progenitora, por lo cual 
se partió de una tasa de dilución correspondiente a una f.i = 0.4 que era la mínima 
requerida y se fue aumentando hasta llegar a la velocidad correspondiente a la de 
la cepa silvestre, en este caso JM1 01 (Ji = 0.83). La curva del cultivo continuo de 
la PB11 se muestra en la figura 4. 

La fermentación duró más de 200 hrs y se platearon muestras en cajas de 
Mck-glc-Km en cada cambio de la tasa de dilución. Aparecieron colonias rojas 
desde que se inició el cultivo continuo. Se tomaron dos colonias de cada una de 
las diluciones 0.4, 0.6, Y 0.8 (Cols. 4, 10, 32, 40, 99 Y 103 respectivamente) para 
determinar si había diferencias en las velocidades de crecimiento dependiendo del 
flujo con que fueron seleccionadas. Las curvas de crecimiento se muestran en la 
figura 5. 

Efectivamente, existen diferentes velocidades de crecimiento entre las 
diferentes colonias aisladas. De todas estas, se escogieron una de menor y una 
de similar velocidad de crecimiento con respecto a la JM1 01. Estas dos cepas se 
denominaron PB12 (menor f.i) y PB13 (Flores et al., 1996). Una 
caracterización preliminar de éstas cepas se presenta a continuación. 
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Figura 4. Aislamiento de mutantes PTsoGlc+ a partir del cultivo continuo de la cepa PB11. 

250 

---el> 200 

52 
rn 
el> 

150 't' 
ni 

JMl o 1 't' ·c e 0 1. 4 (PB12) 

2- 100 Col. 10 

Ó 
.. Col . 32 

• Col . 40 

ci 50 • Col. 99 
~ Col. 103 (PB13) 

O 
O 4 10 

tiempo (h) 

Figura 5. Caracterización cinética de las mutantes PTsoGlc+ obtenidas a partir de la PB11. 
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3.5. Caracterización genética y bioquímica preliminar de las cepas PTSGlc +. 

Se han caracterizado algunas de estas cepas PTS-Glc+ y se sabe que al 
menos dos mutaciones no cotransducibles son responsables de este nuevo 
fenotipo. Se ha determinado también que las cepas PB 12 Y PB 13 utilizan la 
permeasa de galactosa (GaIP) y la glucocinasa (Glk) para transportar y fosforilar 
glucosa en ausencia de PTS (Flores et aL, 1996; Flores et aL, 2002). 

Como parte de la caracterización preliminar de éstas cepas, se determinaron 
sus velocidades de crecimiento y sus capacidades de transporte de glucosa. 
También se determinaron estos parámetros en las cepas JM1 01 Y PB11. (Flores 
et al., 2002). Además, se midieron las actividades específicas de Glk, Pgi Y Zwf en 
estas cepas. Los resultados se muestran en la tabla 3. 

Tabla 3. Velocidades de crecimiento (f.1), y transporte de C4C)-glucosa ('t) en 
diferentes cepas de Eseheriehia eoli. Se presentan también las actividades 
específicas de Glk, Pgi Y Zwf. 

Cepa Fenotipo f.1a 'tb Glkc PgiC Zwf'= 
JM101 silvestre 0.71 20.0 57 1448 180 
PB11 PTS- 0.10 1.7 NO 134 136 
PB12 PTS-Glc+ 0.42 10.3 127 5699 267 
PB13 PTS-Glc+ 0.49 11.7 136 4737 314 

• en h-1, en medio M9 con 2 gil de glucosa_ 

b en nmol 14C_glc min-1 mg pror1. 

e en mmol de sustrato producido glc min-1 mg pror1_ 

NO - no determinado. 

3.6. Caracterización de losflujos de carbono por RMN en las cepas PTS y PTSGlc+. 
La distribución de flujos de carbono en las cepas isogénicas PTS+, PTS- y PTS

Glc+ se ha estudiado por espectroscopia de resonancia magnética nuclear (RMN). 
Se demostró que los flujos de carbono se modificaron en varios nodos y porciones 
del metabolismo central de carbono en las cepas PTS- y PTS-Glc+ comparados 
con la cepa silvestre JM1 01 (figura 6). Los resultados demostraron claramente que 
estas cepas PTS- ajustaron sus capacidades metabólicas debido a la ausencia de 
PTS. Por ejemplo, en la vía Embden-Meyerhof (EMP), el flujo de carbono del 
primer nodo aumentó a un 95% en la PB12 PTS-Glc+ (GaIP/Glk) comparado con 
las cepas parentales silvestre JM101 (77%) Y la PB11 PTS- (42%) (Flores et aL, 
2002). En concordancia con esto, está el dato de que las actividades específicas 
de Glk y Pgi en la PB12 aumentaron 2 y 4 veces respectivamente comparadas con 
la cepa JM101 (Tabla 3). Como resultado de estas modificaciones, PB12 crece 
mas rápido que la PB11 (f.1= 0.42 vs 0.1 h-1) pero menos que la JM1 01 (f.1= 0.71 h-1

) 

(Flores et al., 2002). 
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4. Objetivo 

Con base en estos antecedentes, se consideró relevante avanzar en la 
caracterización de éstas cepas a través de analizar los niveles de transcripción del 
genoma de estas diferentes cepas que pensamos pueden tener valor industrial. En 
particular se hizo el análisis de la cepa PB12, creciendo en medio mínimo con 
glucosa como fuente de carbono, con el propósito de conocer qué genes, en 
particular los relacionados con el metabolismo central de carbono, habían 
cambiado su expresión con relación a las cepas parentales PB 11 Y JM 101. 

Conforme con lo anterior se realizaron experimentos de medición del 
transcriptoma con microarreglos de laminilla y se demostró que en las cepas PB 11 
Y en menor medida en PB 12, existe un incremento en la expresión de varios 
genes con relación a la cepa silvestre JM1 01 (Flores et aL, 2005b). Sin embargo, 
los resultados con microarreglos no eran 100% repetitivos en los múltiples 
microarreglos que se realizaron y por ello se decidió determinar de manera mas 
fina y repetitiva la expresión de algunos de estos genes a través de montar el 
sistema de PCR de tiempo real (RT-PCR). 
Mediante este método se determinaron los valores de expresión relativa de 
alrededor de 200 genes relacionados con el metabolismo central de Escherichia 
coli en las cepas JM1 01, PB11 Y PB12. Los resultados de este trabajo se 
publicaron en el artículo intitulado: "Adaptation for fast growth on glucosa by 
differential expresión of central carbon metabolism and gal regulon genes in an 
Escherichia coli strain lacking the phosphoenolpyruvate:carbohydrate 
phosphotransferase system" (Flores et al., 2005a). 

5. Materiales y métodos 

5.1. Cepas bacterianas, plásmidos, medios de cultivo y condiciones de crecimiento. 
Las cepas de Escherichia coli utilizadas en este trabajo se enlistan en la tabla 

4. PB12 se obtuvo a partir de PB11, una cepa PTS- derivada de JM101 (Flores, 
1995; Flores, 1996). La cepa PB121 se obtuvo por transformación de la PB12 con 
el plásmido pBB31 que porta el gene arcB silvestre. 

Cepas Genotipo Referencia 
E. coli JMI0l F' traD36 proA+ proB+ lacIq lacZI:1Ml5/supE thi Bolívar et al, 1977 

l:1(lac-proAB) 
E. coli PBll JMI0ll:1(ptsH, ptsL crr)::kan Flores et al, 1996 
E. coli PB12 PBll, PTS-Glc Flores et al, 1996 
E. coli PB121 PBI2, pBB31 (arcB+) Este trabaj o 

Tabla 4. Cepas bacterianas utilizadas en este estudio. 
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Los cultivos para aislamiento de RNA y ensayos enzimáticos se hicieron por 
duplicado y se crecieron en fermentadores de 1 L en medio M9 suplementado con 
2 giL de glucosa, a 37°C, 600 rpm y una tasa de flujo de aire de 1 wm, iniciando 
con una 00600 de 0.05 y las muestras se colectaron en la fase logarítmica a una 
00600 de 1. 

Para los ensayos de sensibilidad de crecimiento a azul de toluidina, las células 
se crecieron en placas de agar-peptona con 0.2mg/ml de azul de toluidina. Para 
los análisis de complementación se utilizó el plásmido pBB31 que lleva el gene 
arcB silvestre (Iuchi and Un, 1988; 1992). 

5.2 Selección de mutantes PTS Glc+ por cultivo continuo (quimiostato). 

Se usó el fermentador Multigen (New Brunswick Scientific Co.) con una 
jarra para flujo continuo de 2 L. Se manejó con 1.3 L de M9 suplementado con 
glucosa (2 gIL) Y Km (30 Ilg/ml). El inóculo se preparó con la cepa PB11 crecida 
en dos cajas de medio Luria-Km con tapíz confluente. Este tapete de células se 
resuspendió en 10 mi de medio M9 y se agregó al fermentador. Las condiciones 
de crecimiento fueron: 1 wm (volúmen de aire por volúmen de medio por minuto), 
3rC, 600 rpm, el pH se mantuvo en 7.0 con hidróxido de amonio 50 %. El cultivo 
se dejó crecer hasta que las células alcanzaron la fase estacionaria y entonces se 
empezó a lavar a diferentes tasas de dilución (0.08, 0.4, 0.5, 0.6, 0.7, 0.75 Y 0.8). 
El flujo correspondiente a cada tasa de dilución se mantuvo por al menos tres 
tiempos de retención o hasta comprobar que la densidad óptica del cultivo no 
disminuía. En cada cambio de flujo, se tomó una muestra y se plateó en cajas de 
Mck-glc-Km para aislar colonias rojas. Oe estas, se seleccionaron dos colonias 
rojas de cada punto y se determinó su fenotipo. 

5.3. Extracción de RNA y síntesis de cDNA. 
La extracción de RNA total se llevó a cabo mediante el método de fenol 

caliente equilibrado en agua. El RNA total se trató con ONasa y se cuantificó 
cuidadosamente por absorbancia a 260/280 nm y su integridad se verificó en geles 
de agarosa al 1 .2%. El cONA se sintetizó por el método de síntesis de primera 
cadena de ONA utilizando primers específicos (b) (tabla 5). Este cONA se usó 
como templado para los ensayos de RT -PCR. La reproducibilidad del método se 
determinó a través de dos experimentos separados de síntesis de cONA a partir 
de dos fermentaciones diferentes de cada cepa. 

5.4. Determinación y análisis de secuencias nucleotídicas de los genes mglB, galP, galE, 
galS, galR, glk, pgi, crp, fruR, arcA, y arcB 

Con el fin de determinar si alguno de estos genes contenía alguna mutación 
responsable del fenotipo Glc+ en las cepas mutantes PTS-Glc+, se amplificaron y 
secuenciaron los productos de PCR de cada uno de estos genes. Cada fragmento 
contiene al menos 200 pb de la región regulatoria del extremo 5', el gene 
estructural y al menos 100 pb de la región 3'. Los oligos para obtener estos 
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productos de PCR se diseñaron con el programa Clone Manager y se enlistan en 
la tabla 5. Los productos de PCR se obtuvieron a partir de ONA cromosomal de las 
cepas JM101, PB11 Y PB12 Y se amplificó con la polimerasa Elongasa. Los 
productos se analizaron de acuerdo al tamaño esperado y se purificaron con el kit 
para purificación de productos de PCR (Marligen, BioScience Inc.). Se utilizaron 
100 ng de ONA cromosomal de las cepas JM101, PB11 Y PB12 como templados 
para la amplificación por PCR con Elongase enzyme mix de acuerdo a las 
recomendaciones del proveedor (Invitrogen, Inc.). Los productos de PCR se 
analizaron de acuerdo al tamaño esperado y se purificaron por el kit PCR 
purification kit (Marligen, BioScience Inc.). 

Las secuencias nucleotídicas se determinaron a partir de productos de PCR 
por el método Taq FS Oye Terminator Cycle Fluorescence-Based Sequencing, con 
el equipo Perkin Elmer/Applied Biosystems Mode1377-18 sequencer. 

5.5. PCR de tiempo real (RT-PCR). 
El PCR de tiempo real se realizó con el ABI Prism 7000 Sequence 

Oetection System (Perkin-Elmer/Applied Biosystems) utilizando el kit SYBR Green 
PCR Master Mix (Perkin-Elmer/Applied Biosystems). Las condiciones de 
amplificación fueron 10 min a 95°C, un ciclo de dos pasos a 95°C por 15 s y 60°C 
por 60 s en un total de 40 ciclos. Los prímeros para la amplificación específica 
(Tabla 5) se diseñaron con el programa Primer Express software (PE Applied 
Biosystems). El tamaño de todos los amplímeros fue de 101 pb. La concentración 
final de los prímeros, en un total de 15 JlI, fue 0.2 JlM. Se agregaron 5 ng de cONA 
a cada reacción. Todos los experimentos se realizaron por triplicado para cada 
gene de cada cepa obteniendo resultados similares (con diferencias menores a 
0.3 SO). Se incluyó siempre un control sin templado y con la mezcla de reacción 
para cada gene. La técnica de cuantificación utilizada para analizar los datos fue el 
método 2-MCr descrito por Livak and Shmittgen (2001), y los resultados fueron 
graficados y se presentan en la tabla 6. 

Todos los datos se normalizaron utilizando el gene ihfB como control 
interno ("housekeeping gene") con el fin de ajustar la concentración de cONA de 
las muestras. Esto debido a que se detectó el mismo nivel de expresión de este 
gene en todas las cepas en las condiciones de crecimiento de éste estudio. Para 
cada gene analizado en todas las cepas, el nivel de transcripción del gene de la 
cepa silvestre JM1 01 se consideró con un valor de 1.0 y fue usado como el control 
para normalizar los datos. Por lo tanto, los datos están reportados como valores 
de expresión relativa, comparados al nivel de expresión de la JM101. Los 
resultados presentados en la tabla 6 y las figuras 7 y 8 son los promedios de 
cuatro mediciones de RT-PCR independientes de los valores de expresión para 
cada gene. La mitad de esos 4 valores se obtuvieron de dos diferentes cONAs 
generados a partir de una fermentación y los otros dos de otra fermentación 
idéntica. Los valores de expresión obtenidos por RT-PCR para cada gene difieren 
en menos del 30% que representa una desviación Standard muy buena si se tiene 
en cuenta que los resultados reportados hasta ahora en la literatura varían de 1 a 
19 veces (Bustin, 2000). 
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mdh mdha 5' - CGGGTCTGCAACCCTGTCT A -3 ' frdBb 5'- GCCCAGCGCATCCAGTAAT -3' 
mdhb 5'- CGTAGGCACATTCGACAACG -3' frdC frdCa 5'- ACCGAAAGCGGCCAATATC -3 ' 

frdCb 5'- GGATTACGATGGTGGCAACC -3' 
e. Genes anapleróticos frdD frdDa 5'- TGGTCGCGTATICCTGTICC -3' 
maeB maeBa 5'- TGGTTTGCGATTCAAAAGGC -3' frdDb 5'- CCGCAGGTACGTGGATTTTC -3' 

maeBb 5' - GAGGGTACGTTIGCCGTCAT -3 ' napA napAa 5' - GATGGGCTGCT ATGACGACA -3 ' 
sfcA sfcAa 5'- ATAAAGGCAGTGCCTTCAGCA -3' napAb 5'- GGTTAGTGATGCGCGACCA -3' 

sfcAb 5'- TGCTCGTICCGCTIGTICTI -3' narG narGa 5'- CGATTATCCGGCGACTIACG -3 ' 
mdh mdha 5'- CGGGTCTGCAACCCTGTCTA -3' narGb 5'- TCTCGCTCTGGGTGTTCCAG -3 ' 

mdhb 5'- CGTAGGCACATICGACAACG -3' cyoA cyoAa 5'- GGCATIGCTACCGTGAATGA -3' 
pps ppsa 5'- TCAGCAGGAAACCTICCTCAA -3' cyoAb 5' - AGACGCGGAA TGAAGAAGGA -3 ' 

ppsb 5' - GATAAGAGATGGCGCGATCG -3' cyoB cyoBa 5'- CTGACCTCCGTCGACCATAAA -3 ' 
pckA pckAa 5' - ACATGTTIATICGCCCGAGC -3' cyoBb 5'- TGGCTACGCATCATAATGGC -3 ' 

pckAb 5'- CTGTTCTTTCCACTGCGGGT -3 ' cyoC cyoCa 5'- CACGGTCTGCACGTCACTTC -3' 
ppc ppca 5'- CAGAAATCACCGTCAGCAGC -3 ' cyoCb 5'- CACATGATGCGGGTACGGT -3' 

ppcb 5'- CATAATGCGACGCCAGCTCT -3 ' cyoD cyoDa 5'- CCTGGCAATGGCAGTGGTAC -3' 
cyoDb 5'- TGAAGACAAACGCCGTCATG -3 ' 

f. Gluconeogénesis 
gpmB gpmBa 5'- GGTATIGCACTGGGATGCCT -3 ' h. Genes de fermentación, producción y utlización de acetato 

gpmBb 5' - T AA TCCACGCGCGAAA T AGA -3' /dhA IdhAa 5'- GGCGTGATGATCGTCAATACC -3' 
gapC-I gapC-la 5'- CAACGACACCATIGTTTCCG -3' IdhAb 5'- ACGTCCATACCCAACGAACC -3' 

gapC-lb 5'- TCATCGTGCCGACTTCTATCC -3 ' pta ptaa 5' - ACAA TGTTGATCCGGCGAAG -3' 
gapC-2 gapCa 5'- ATCATIGGCAGCCATTICG -3' ptab 5'- CATATCGATCGCACGAGTCG -3' 

gapCb 5'- TIATCGTACCAGGCGACCGT -3' ackA ackAa 5' - CTGGTTCTGAACTGCGGT AGTIC -3' 
fbaB fbaBa 5'- GTACAACACCGGGCGTCTG -3' ackAb 5' - GGCAGGTGGAAACATTCGG -3' 

fbaBb 5'- GCGGGTIAGCAGCAAATGAA -3' adhE adhEa 5' - AAGTCCCTGTGTGCTTICGG -3 ' 
glpX glpXa 5'- CTAAACCACGCCACGATGC -3' adhEb 5' - TGCAGAGCCTGACCATCAGA -3 ' 

glpXb 5' - ACAGGTGAGAATIGAGGCCG -3' poxB poxBa 5' - AAAAGCCGA TCGCAAGTTIC -3 ' 
fbp fbpa 5' - AAACAGGTTGCGGCAGGTT A -3' poxBb 5'- GGTGAATGGCTTTCTCGCTC -3' 

fbpb 5'- CCGAGCGAAGGATCGTAAGT -3' 
pfkB ptkBa 5'- GTTGGCGGATGAAAATGTCC -3' i. Reguladores 

ptkBb 5' - AACGA T ACTGCTCACCGCTTG -3' cyaA cyaAa 5'- AGCGCCAATIGCTACAACGT -3' 
cyaAb 5' - ACGGAAGCGGTTTICATCAA -3 ' 

g. Respiración crp crpa 5' - ACCCGTCAGGAAATIGGTCA -3 ' 
nuoA nuoAa 5'- CTGGTGGCCATGTICTICGT -3' crpb 5'- TIACCGTGTGCGGAGATCAG -3' 

nuoAb 5'- GCTTCCACAAAGCCTACCCA -3' fruR fruRa 5'- TCTTGTGATCCCCGATCTGG -3 ' 
nuoF nuoFa 5'- TATCCGTACTCCCGAAACGC -3 ' fruRb 5'- AGCAGGCAATCAGCAGTIGA -3' 

nuoFb 5'- CGCCTTCGTAACCGTITITG -3' arcA arcAa 5' - ATCACCAAACCGTTCAACCC -3' 
nuoN nuoNa 5' - TGTCGCGTIGGGTAAAAACC -3' arcAb 5'- ACGCTACGACGTICTICGCT -3' 

nuoNb 5' - GAGAGAGTTIGAAGCCGAGGC -3' arcB arcBa 5'- AATCTGACGGCGCAGGATAA -3' 
ndh ndha 5'- GTCGATCGTAACCACAGCCA -3 ' arcBb 5'- TGACCCAGCTGTIGCAGATG -3' 

ndhb 5'- GCATGGGCCAGATAGCTCAA -3' m/c mIca 5'- GGTCCAGTCTCGCGTATCGA -3' 
sdhA sdhAa 5'- GACACCGTGAAAGGGTCGG -3 ' mlcb 5' - TCTIGCACCAGGTGTGCTIC -3 ' 

sdhAb 5'- AGGCCCATGTGTICGAGTIC -3 ' if¡fA ihfAa 5'- GGCGAACAGGTGAAACTCTCTG -3' 
sdhB sdhBa 5'- TGAACGGCAAGAATGGTCTG -3' ihfAb 5' - GTAATGGGAATATCCTCGCCC -3' 

sdhBb 5'- GATCACCGGTAAACCTGGCA -3 ' ihjB ihfBa 5'- GCCAAGACGGTIGAAGATGC -3 ' 
sdhC sdhCa 5'- TGGCGTATCACGTCGTCGTA -3' ihfBb 5' - GAGAAACTGCCGAAACCGC -3 ' 

sdhCb 5' - AAAGGAGA TITIGGCGGAGC -3' ic/R iclRa 5'- CTTIATGGTCGGCAGCAGCT -3' 
sdhD sdhDa 5'- GATCGGTTTCTTCGCCTCTG -3' iclRb 5'- ATTGACCGTTTCGCCAGACT -3' 

sdhDb 5'- CGGTCAACACCTGCCACAT -3 ' fadR fadRa 5'- CGCTGGGCTICTACCACAAA -3' 
ubiE ubiEa 5'- GGCAGAATCCATCCGTATGC -3' fadRb 5'- AATCTCGCCACTCTCATGCC -3' 

ubiEb 5'- CCCCTGCCGTCAGATTGTAG -3 ' rpoS rpoSa 5'- GGACGCGACTCAGCTTIACC -3 ' 
frdA frdAa 5'- TCTCTCAGGCCTTCTGGCAC -3' rpoSb 5'- CGACATCTCCACGCAGTGC -3 ' 

frdAb 5'- TTTTTICTCGCCGAGGTGAC -3' 
frdB frdBa 5'- TTGAGGTGGTGCGCTATAACC -3' 

6. Resultados y diScusión 

Para entender el fenotipo mutante PTS-Glc+ es importante diferenciar los 
fenotipos causados por la deleción del operón ptslHcrr en la cepa PB 11 (PTS-) de 
los seleccionados en la cepa PB12 (PTS-Glc+). Por lo tanto, los resultados se 
presentan y discuten de manera comparativa, donde los valores de transcripción 
relativa por RT-PCR de 104 genes de la cepa silvestre JM101 se comparan contra 
los de las cepas PTS- y PTS-Glc+ (PB11 y PB12 respectivamente). Los genes 
analizados incluyen el regulón gal que es responsable del transporte de glucosa 
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mdh mdha 5' - CGGGTCTGCAACCCTGTCT A -3 ' frdBb 5'- GCCCAGCGCATCCAGTAAT -3' 
mdhb 5'- CGTAGGCACATTCGACAACG -3' frdC frdCa 5'- ACCGAAAGCGGCCAATATC -3 ' 

frdCb 5'- GGATTACGATGGTGGCAACC -3' 
e. Genes anapleróticos frdD frdDa 5'- TGGTCGCGTATICCTGTICC -3' 
maeB maeBa 5'- TGGTTTGCGATTCAAAAGGC -3' frdDb 5'- CCGCAGGTACGTGGATTTTC -3' 

maeBb 5' - GAGGGTACGTTIGCCGTCAT -3 ' napA napAa 5' - GATGGGCTGCT ATGACGACA -3 ' 
sfcA sfcAa 5'- ATAAAGGCAGTGCCTTCAGCA -3' napAb 5'- GGTTAGTGATGCGCGACCA -3' 

sfcAb 5'- TGCTCGTICCGCTIGTICTI -3' narG narGa 5'- CGATTATCCGGCGACTIACG -3 ' 
mdh mdha 5'- CGGGTCTGCAACCCTGTCTA -3' narGb 5'- TCTCGCTCTGGGTGTTCCAG -3 ' 

mdhb 5'- CGTAGGCACATICGACAACG -3' cyoA cyoAa 5'- GGCATIGCTACCGTGAATGA -3' 
pps ppsa 5'- TCAGCAGGAAACCTICCTCAA -3' cyoAb 5' - AGACGCGGAA TGAAGAAGGA -3 ' 

ppsb 5' - GATAAGAGATGGCGCGATCG -3' cyoB cyoBa 5'- CTGACCTCCGTCGACCATAAA -3 ' 
pckA pckAa 5' - ACATGTTIATICGCCCGAGC -3' cyoBb 5'- TGGCTACGCATCATAATGGC -3 ' 

pckAb 5'- CTGTTCTTTCCACTGCGGGT -3 ' cyoC cyoCa 5'- CACGGTCTGCACGTCACTTC -3' 
ppc ppca 5'- CAGAAATCACCGTCAGCAGC -3 ' cyoCb 5'- CACATGATGCGGGTACGGT -3' 

ppcb 5'- CATAATGCGACGCCAGCTCT -3 ' cyoD cyoDa 5'- CCTGGCAATGGCAGTGGTAC -3' 
cyoDb 5'- TGAAGACAAACGCCGTCATG -3 ' 

f. Gluconeogénesis 
gpmB gpmBa 5'- GGTATIGCACTGGGATGCCT -3 ' h. Genes de fermentación, producción y utlización de acetato 

gpmBb 5' - T AA TCCACGCGCGAAA T AGA -3' /dhA IdhAa 5'- GGCGTGATGATCGTCAATACC -3' 
gapC-I gapC-la 5'- CAACGACACCATIGTTTCCG -3' IdhAb 5'- ACGTCCATACCCAACGAACC -3' 

gapC-lb 5'- TCATCGTGCCGACTTCTATCC -3 ' pta ptaa 5' - ACAA TGTTGATCCGGCGAAG -3' 
gapC-2 gapCa 5'- ATCATIGGCAGCCATTICG -3' ptab 5'- CATATCGATCGCACGAGTCG -3' 

gapCb 5'- TIATCGTACCAGGCGACCGT -3' ackA ackAa 5' - CTGGTTCTGAACTGCGGT AGTIC -3' 
fbaB fbaBa 5'- GTACAACACCGGGCGTCTG -3' ackAb 5' - GGCAGGTGGAAACATTCGG -3' 

fbaBb 5'- GCGGGTIAGCAGCAAATGAA -3' adhE adhEa 5' - AAGTCCCTGTGTGCTTICGG -3 ' 
glpX glpXa 5'- CTAAACCACGCCACGATGC -3' adhEb 5' - TGCAGAGCCTGACCATCAGA -3 ' 

glpXb 5' - ACAGGTGAGAATIGAGGCCG -3' poxB poxBa 5' - AAAAGCCGA TCGCAAGTTIC -3 ' 
fbp fbpa 5' - AAACAGGTTGCGGCAGGTT A -3' poxBb 5'- GGTGAATGGCTTTCTCGCTC -3' 

fbpb 5'- CCGAGCGAAGGATCGTAAGT -3' 
pfkB ptkBa 5'- GTTGGCGGATGAAAATGTCC -3' i. Reguladores 

ptkBb 5' - AACGA T ACTGCTCACCGCTTG -3' cyaA cyaAa 5'- AGCGCCAATIGCTACAACGT -3' 
cyaAb 5' - ACGGAAGCGGTTTICATCAA -3 ' 

g. Respiración crp crpa 5' - ACCCGTCAGGAAATIGGTCA -3 ' 
nuoA nuoAa 5'- CTGGTGGCCATGTICTICGT -3' crpb 5'- TIACCGTGTGCGGAGATCAG -3' 

nuoAb 5'- GCTTCCACAAAGCCTACCCA -3' fruR fruRa 5'- TCTTGTGATCCCCGATCTGG -3 ' 
nuoF nuoFa 5'- TATCCGTACTCCCGAAACGC -3 ' fruRb 5'- AGCAGGCAATCAGCAGTIGA -3' 

nuoFb 5'- CGCCTTCGTAACCGTITITG -3' arcA arcAa 5' - ATCACCAAACCGTTCAACCC -3' 
nuoN nuoNa 5' - TGTCGCGTIGGGTAAAAACC -3' arcAb 5'- ACGCTACGACGTICTICGCT -3' 

nuoNb 5' - GAGAGAGTTIGAAGCCGAGGC -3' arcB arcBa 5'- AATCTGACGGCGCAGGATAA -3' 
ndh ndha 5'- GTCGATCGTAACCACAGCCA -3 ' arcBb 5'- TGACCCAGCTGTIGCAGATG -3' 

ndhb 5'- GCATGGGCCAGATAGCTCAA -3' m/c mIca 5'- GGTCCAGTCTCGCGTATCGA -3' 
sdhA sdhAa 5'- GACACCGTGAAAGGGTCGG -3 ' mlcb 5' - TCTIGCACCAGGTGTGCTIC -3 ' 

sdhAb 5'- AGGCCCATGTGTICGAGTIC -3 ' if¡fA ihfAa 5'- GGCGAACAGGTGAAACTCTCTG -3' 
sdhB sdhBa 5'- TGAACGGCAAGAATGGTCTG -3' ihfAb 5' - GTAATGGGAATATCCTCGCCC -3' 

sdhBb 5'- GATCACCGGTAAACCTGGCA -3 ' ihjB ihfBa 5'- GCCAAGACGGTIGAAGATGC -3 ' 
sdhC sdhCa 5'- TGGCGTATCACGTCGTCGTA -3' ihfBb 5' - GAGAAACTGCCGAAACCGC -3 ' 

sdhCb 5' - AAAGGAGA TITIGGCGGAGC -3' ic/R iclRa 5'- CTTIATGGTCGGCAGCAGCT -3' 
sdhD sdhDa 5'- GATCGGTTTCTTCGCCTCTG -3' iclRb 5'- ATTGACCGTTTCGCCAGACT -3' 

sdhDb 5'- CGGTCAACACCTGCCACAT -3 ' fadR fadRa 5'- CGCTGGGCTICTACCACAAA -3' 
ubiE ubiEa 5'- GGCAGAATCCATCCGTATGC -3' fadRb 5'- AATCTCGCCACTCTCATGCC -3' 

ubiEb 5'- CCCCTGCCGTCAGATTGTAG -3 ' rpoS rpoSa 5'- GGACGCGACTCAGCTTIACC -3 ' 
frdA frdAa 5'- TCTCTCAGGCCTTCTGGCAC -3' rpoSb 5'- CGACATCTCCACGCAGTGC -3 ' 

frdAb 5'- TTTTTICTCGCCGAGGTGAC -3' 
frdB frdBa 5'- TTGAGGTGGTGCGCTATAACC -3' 

6. Resultados y diScusión 

Para entender el fenotipo mutante PTS-Glc+ es importante diferenciar los 
fenotipos causados por la deleción del operón ptslHcrr en la cepa PB 11 (PTS-) de 
los seleccionados en la cepa PB12 (PTS-Glc+). Por lo tanto, los resultados se 
presentan y discuten de manera comparativa, donde los valores de transcripción 
relativa por RT-PCR de 104 genes de la cepa silvestre JM101 se comparan contra 
los de las cepas PTS- y PTS-Glc+ (PB11 y PB12 respectivamente). Los genes 
analizados incluyen el regulón gal que es responsable del transporte de glucosa 
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en las cepas PTS" y genes involucrados en varias funciones de diferentes 
secciones del metabolismo central de carbono. 

6.1. Transporte y fosforilación de glucosa en cepas PTS. 
Escherichia coli silvestre creciendo en condiciones micromolares de 

glucosa sintetiza galactosa y maltodextrinas como autoinductores que dereprimen 
la síntesis de los sistemas de transporte de alta afinidad por glucosa: MglB y la 
maltoporina LamB, responsables del transporte de glucosa bajo estas condiciones. 
Otros genes que se inducen en estas condiciones incluyen el operón galETK 
(Death y Ferenci, 1994; Ferenci, 2001). Recientemente, el análisis de la expresión 
génica en cepas de E. coli silvestre en respuesta a un cambio de condiciones de 
glucosa no limitante a glucosa limitante ((¡.J=0.1 h"1) en cultivos en quimiostato, 
demuestra que en estas condiciones, varios genes incluyendo mglB (10 veces) y 
lamB (20 veces), así como aceA, el operón acs (acs, yjcG) , y fumA están 
sobreexpresados (Hua et al., 2004). 

La cepa PB11 PTS" crece muy lentamente en medio mínimo con 
relativamente alta concentración de glucosa (2g/L) como única fuente de carbono. 
Por lo tanto, es de esperarse que esta cepa sense bajas concentraciones de 
glucosa o glucosa-6P interna (condiciones similares a las reportadas por Hua, 
2004). Para determinar si esta condición fisiológica permite la inducción de 
sistemas de transporte de alta afinidad similares o alternativos a los reportados, se 
determinaron los niveles de expresión relativos de genes relacionados a esta 
respuesta en las cepas PTS" y en la cepa silvestre JM1 01. Como se muestra en la 
tabla 6, La cepa PB11 desregula la transcripción de mglB (13 veces) y lamB (17.6 
veces) comparada con la cepa JM1 01. Esta cepa también induce la expresión de 
otros genes del regulón gal como galP (12.4 veces), galS (4.9 veces), galE (38.8 
veces), galT (35.6 veces), galK (39 veces). De estos datos se puede inferir que en 
esta condición de crecimiento, PB 11 induce la síntesis de galactosa como 
autoinductor del regulón gal (Death y Ferenci, 1994). Esto a su vez, debe inactivar 
GalS y GaIR, los represores del regulón (Geanacopoulos y Adhya, 1997), dando 
como resultado la inducción de los genes del regulón gal, permitiendo así la 
internalización de glucosa a través de los transportadores de galactosa (Ferenci, 
2001) ya que GalP y Mgl tienen mayor afinidad por glucosa que por su propio 
azúcar (Vyas et al., 1991). 

Los resultados indican que la PB11 probablemente utilice MglB y/o GalP 
para transportar glucosa a través de la membrana citoplasmática hacia el citosol 
en estas condiciones de crecimiento. Sin embargo, el bajo crecimiento en glucosa 
indica que esta cepa es incapaz de fosforilar toda la glucosa que entra con la 
cantidad de Glk disponible en esta cepa PTS" (Curtis y Epstein, 1975; Flores et al., 
2002). 

La cepa PB 12 es una mutante derivada de PB 11 que ha recuperado la 
capacidad de crecer rápido en glucosa. Esto se puede explicar por el hecho de 
que el gene glk se transcribe a un mayor nivel (2 veces) comparada con la cepa 
PB 11 Y la silvestre. Por lo tanto, el producto proteico (Glk) de este gene 
desregulado cuya actividad específica también se incrementa 2 veces en la PB12 
(Flores et al., 2002), permite un mayor grado de fosforilación de la glucosa 
transportada en la PB 12 que en la PB 11. La PB 12 que no tiene ninguna mutación 
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en los genes del regulón gal, también utiliza GalP para transportar glucosa (Flores 
et al., 1996; Flores et al., 2002). En éste sentido y de acuerdo con lo anterior, en 
esta cepa el nivel de transcrito de galP es 12.4 veces mayor que en la cepa 
silvestre. Así, la glucosa puede ser transportada por GalP y fosforilada a una 
mayor velocidad por Glk en la PB12 comparada con la PB11 permitiendo una 
mayor tasa de crecimiento. 

Diferencias en las capacidades de crecimiento entre estas cepas pueden 
también estar relacionadas a la disponibilidad de moléculas reguladoras como 
AMPc. El complejo CRP-AMPc juega un papel importante en la activación de la 
transcripción de muchos genes incluyendo aquellos del regulón gal, y se sabe que 
una deleción del gene crp inactiva completamente la expresión del operón galETK 
y del gene galS (Weickert y Adhya, 1993; Geanacopoulos y Adhya, 1997). 
También se ha reportado que algunas cepas de E. coli que llevan una deleción del 
operón PTS producen menos AMPc que las cepas silvestres (Levy et al., 1990). 
No obstante, los resultados obtenidos indican que estas cepas PTS- deben tener 
suficiente complejo CRP-AMPc para activar aquellos genes que lo requieren como 
gaIETK, galS y otros como genes de TCA. Esto está apoyado por el hecho de que 
en PB 11 Y PB 12, el nivel de transcripción de cyaA, que codifica para la adenilato 
ciclasa, está ligeramente sobreexpresado. Los resultados indican que en ausencia 
del componente IIA Glc de PTS, que está involucrado en la activación de la 
adenilato cilcasa (Postma et al., 1996), podría haber otras enzimas que pudieran 
llevar a cabo esta activación en estas cepas, si esto fuera necesario. 

6.2. Catabolismo de glucosa-6P a piruvato. 
El análisis de los flujos de carbono y los valores de RT-PCR indican que 

PB 11 Y PB 12 tienen diferentes capacidades que les permiten metabolizar glucosa 
(y otras moléculas) como fuente de carbono. Como ya se mencionó, las cepas 
PTS- requieren Glk para fosforilar glucosa. La PB 11 que tiene un bajo flujo 
glicolítico (42%) en el primer paso de la vía EMP comparado con la silvestre (77%) 
y la PB12 (95%), transporta glucosa a una tasa muy baja y está usando tanto la 
vía de las pentosas como la vía glicolítica para catabolizar glucosa-6P en 
proporciones similares. Sin embargo, la PB 12 recuperó un crecimiento relativo 
mas rápido (¡J = 0.42 h-1

) probablemente debido a una sobreexpresión de glk y 
también de pgi que permite una tasa mayor de fosforilación y una transformación 
inicial de glucosa en fructosa-6P. Esta cepa ha modificado su flujo en los pasos 
iniciales incrementando su flujo glicolítico en el primer paso de la vía a 95% 
(Flores et al., 2002). 

Originalmente pensamos que el alto flujo glicolítico en los pasos iniciales 
del catabolismo de glucosa en la PB 12 podría ser responsable de la síntesis de 
una alta poza de fructosa-6P, fructosa-1,6diP o ambos que aquella usualmente 
presente en una cepa silvestre. Esta situación, de ser cierta, podría resultar en la 
inactivación in vivo de Cra (o FruR), el represor codificado por truR. Ya que glk se 
reprime por Cra, bajo este escenario la transcripción de glk podría 
sobreexpresarse en esta cepa (Meyer et al., 1967; Saier y Ramseier, 1996). Sin 
embargo, éste no parece ser el caso ya que el nivel de transcripción de varios 
genes como pykF, pckA y edd que también se reprimen por Cra, no incrementa en 
la PB 12. Para establecer si el cambio en la expresión de glk y pgi pudieran ser el 
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resultado de una mutación en sus regiones reguladoras, se determinó la 
secuencia nucleotídica de aproximadamente 250 pb hacia arriba del sitio de inicio 
de la traducción y las regiones estructurales completas de estos dos genes en 
todas las cepas. Sin embargo, no se detectó ninguna mutación. También se 
determinaron las secuencias nucleotídicas de la región reguladora y estructural de 
fruR, sin encontrar tampoco ninguna mutación. 

Es importante tener en cuenta que no hay diferencias significativas en los 
flujos de carbono de la cepa silvestre y la PB 12 en los pasos restantes de la vía 
EMP desde fructosa-6P hasta la síntesis de PEP, mientras que hay una 
disminución en el flujo de la PB 11 comparado al de las otras cepas en esta parte 
de la vía (Flores et al., 2002). Estos resultados concuerdan con los valores de RT
PCR que muestran que los niveles de expresión de los genes involucrados en la 
transformación de fructosa-6P en PEP de la JM101 y la PB12 se expresan 
básicamente al mismo nivel, mientras que este grupo de genes en general, están 
ligeramente disminuidos en la cepa PB11. Sin embargo, este último grupo de 
valores debe tomarse con cautela debido a que algunos de ellos se encuentran 
dentro de los límites del error experimental. 

Las cepas PTS- no pueden sintetizar piruvato (PYR) a partir de PEP usando 
PTS. Por tanto, deben usar las dos piruvato cinasas codificadas por pykA y pykF 
para este propósito. En estas cepas PTS- los valores de flujo de carbono de PEP a 
PYR vía las piruvato cinasas son significativamente mayores que el de la cepa 
silvestre para compensar la ausencia de PTS. Sin embargo, la expresión de los 
genes pyk disminuye ligeramente en la PB 11 Y no cambian significativamente en 
la PB12. Estos resultados indican que la actividad de piruvato cinasa total 
presente en las cepas PTS- es suficiente para convertir PEP en PYR a tasas 
similares a las de la JM101. El PEP también puede convertirse en oxaloacetato 
(OAA) por la enzima fosfoenolpiruvato carboxilasa (Ppc) codificada por ppc, cuya 
transcripción está ligeramente disminuida en las cepas PB 11 Y PB 12 comparadas 
con la JM1 01. 

6.3. Transformación de piruvato en acetato y acetil coenzima A. 
Una vez que el piruvato se ha sintetizado a partir de PEP, puede ser 

transformado en acetil coenzima A (AcCoA), para poder ser incorporado en el ciclo 
TeA y/o al "shunt" de glioxalato. En E. coli silvestre creciendo en condiciones 
aeróbicas y altas concentraciones de glucosa, esta reacción es catalizada 
principalmente por el complejo de la piruvato deshidrogenasa (Pdh) codificada por 
los genes aceE, aceF y Ipd que conforman el operón pdh (Quail et al., 1994). La 
expresión de los dos primeros genes está disminuida en la cepa PB 11, mientras 
que el valor de Ipd es similar comparado con la JM1 01. 

En el caso de la PB12, los primeros dos genes están ligeramente 
sobreexpresados y Ipd está sobreexpresado dos veces. Estos valores de 
transcripción en las dos cepas PTS-, especialmente en la PB11, no concuerdan 
con el aumento de dos veces en los flujos de carbono detectados de PYR a 
AcCoA comparados con la cepa silvestre. Sin embargo, en este contexto es 
importante hacer notar que el gene poxB que codifica para la piruvato oxidasa 
(PoxB), una enzima que convierte piruvato en acetato y simultáneamente reduce 
quinonas en la membrana, está altamente sobreexpresado (4 a 5 veces) en 
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ambas cepas PTS-. Estos resultados soportan nuestra propuesta de que en las 
cepas PTS- esta enzima puede estar produciendo acetato, que a su vez puede ser 
transformado en AcCoA, lo cual explica el incremento en el flujo de carbono entre 
PYR y AcCoA. Esto concuerda con la sobreexpresión (6 y 8 veces en PB 11 Y 
PB12 respectivamente) del gene acs cuyo producto, la acetil-CoA sintasa (Acs) 
convierte acetato en AcCoA (Phue and Shiloach, 2004). Además, el gene yjcG 
(actp) que es parte del operón acs y codifica para una acetato permeasa 
(Gimenez et al., 2003), también está sobreexpresado. Como se discutirá 
posteriormente, el acetato (o un metabolito relacionado) producido probablemente 
por PoxB puede ser el autoinductor del operón acs y de los genes del "shunt" de 
glioxalato que están sobreexpresados en las cepas PTS-. 

6.4. Los genes que codifican para las enzimas del TeA y el "shunt" de glioxalato. 
AcCoA y OAA son sustratos de la citrato sintasa (GltA). Los flujos de 

carbono a través de GltA y Ppc representan las principales rutas para alimentar de 
carbono al ciclo TCA. Por otro lado, la extracción de carbono a partir de este ciclo 
es catalizada principalmente por la enzima fosfoenolpiruvato carboxicinasa (Pck) 
para sintetizar PEP y las enzimas málicas (MEZ) para producir PYR así como 
otras enzimas que lo utilizan para procesos biosintéticos (Neidhart et al., 1990). El 
flujo de carbono a través de GltA está incrementado en la PB11 mientras la 
transcripción del gene gltA es básicamente la misma comparada con JM101 Y 
PB12. Estos resultados indican que la cantidad de la enzima GltA presente en las 
cepas PTS- debe tener la capacidad de llevar a cabo la síntesis de citrato sin un 
incremento adicional en la transcripción de su gene. 

En la cepa PB 11 el flujo de carbono entre citrato y malato tiene casi 
triplicado su valor con respecto a la JM101 y la PB12. Este resultado concuerda 
con la sobreexpresión de varios genes involucrados directamente en la biosíntesis 
de malato en esta cepa. Entre estos genes están aceB (15.6 veces), aceA (11.9 
veces) y aceK (5.5 veces) que integran el operón aceBAK y codifican para las 
enzimas del "shunt" de glioxalato. Los productos de estos genes convierten 
isocitrato en malato y succinato con la utilización de una molécula extra de AcCoA 
en el proceso (Cronan y Laporte, 1996). Es de particular interés que la expresión 
de glcB que codifica para otra malato sintasa también está altamente elevada 
(11.7 veces) en esta cepa. La expresión de fumA (3.3 veces) y fumC (4.3 veces), 
dos enzimas que convierten fumarato en malato, están también altamente 
expresadas. Sin embargo, fumC que se induce en condiciones de estrés, no se 
considera una enzima de TCA (Cunninham y Guest, 1998). Los genes restantes 
del TCA (con excepción de acnA que también es un gene de estrés) se expresan 
básicamente al mismo nivel de la cepa silvestre. Estos resultados indican que la 
cepa PB 11 está usando principalmente el "shunt" de glioxalato para sintetizar 
malato y succinato. Esta estrategia debería permitir a la cepa PTS-, que se 
encuentra bajo estrés nutricional debido a la baja concentración interna de glucosa 
o glucosa-6P, la posibilidad de retener más átomos de carbono en la célula. Esta 
hipótesis está sustentada por el hecho de que el AcCoA no se oxida 
completamente cuando se utiliza el "shunt" de glioxalato. Por lo tanto, no se 
producen dos moléculas de CO2 y se incorpora una molécula extra de AcCoA en 
cada vuelta del "shunt". Esta propuesta concuerda con los resultados reportados 

25 



por Hua et al., (2004) quien demuestra que en una cepa silvestre de E. coli 
creciendo en condiciones de limitación de glucosa (¡J = 0.1 h-1), se sobreexpresan 
los genes aceA y fumA y produce menos CO2 que cuando crece en condiciones 
no limitantes de glucosa. 

Las cepas PB12 y JM1 01 tienen flujos de carbono similares entre citrato y 
malato. Es claro que los genes que codifican para las enzimas del "shunt" de 
glioxalato están aún sobreexpresadas en la PB 12 pero no tanto como en la PB 11 : 
aceB (15.6 VS. 3.7, veces) aceA, (11.9 VS. 1.9 veces), aceK (5.5 VS. 1.9 veces). 
Los genes restantes de TCA están también ligeramente sobreexpresados en la 
PB 12, entre 1.3 Y 2 veces con respecto a la PB 11 Y JM 101 . Algunos de los valores 
de los genes del TCA están dentro de los límites del error experimental, pero si 
son reales, esto puede sugerir que la PB12, en contraste con la PB11, usa tanto el 
"shunt" de glioxalato como el TCA. 
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Figura 7. Valores de expresió relativa de genes que codifican para las enzimas del ciclo TeA. 
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6.5. Genes anapleróticos y capacidades gluconeogénicas de las cepas PTS. 
El malato puede ser transformado en OAA usando la malato 

deshidrogenasa codificada por mdh y el OAA puede ser transformado en PEP por 
la PEP-carboxicinasa (Pck) codificada por el gene pckA. En la PB12 ambos genes 
están sobreexpresados y se transcriben casi al mismo nivel en la JM101 Y en la 
PB11. 

El malato también puede convertirse en PYR por las enzimas MEZ (MaeB y 
SfcA) codificadas por los genes maeB y sfcA. Ambos genes se sobreexpresan 
alrededor de 2 veces en la PB 12 mientras sólo sfcA se sobreexpresa en la PB 11 
(1.9 veces). Finalmente, el gene pps que codifica para PEP sintasa, que convierte 
PYR en PEP, se sobreexpresa 3.7 y 2.4 veces respectivamente en PB11 y PB12. 
Los flujos de carbono previamente determinados indican que la PB 11 
aparentemente utiliza la enzima Pck para la transformación de OAA en PEPo Sin 
embargo, pckA se transcribe básicamente al mismo nivel en la PB11 y la JM101 
mientras sfcA, pps y maeB se sobreexpresan en la PB 11 indicando que esta cepa 
está usando los productos de estos genes en vez de Pck para drenar carbono del 
TCA. Por otro lado, en la PB 12 los flujos de carbono indican que esta cepa está 
usando las enzimas MEZ para la biosíntesis de PYR a partir de malato para 
depleción de carbono del ciclo. Esto concuerda con la sobreexpresión de estos 
dos genes en esta cepa y con el incremento de las actividades específicas de 
MaeB y SfcA que están incrementadas en la cepa PB12 (J. Sigala, comunicación 
personal). Estos resultados indican que ambas cepas PTS- pueden tener la 
posibilidad de utilizar simultáneamente sus capacidades glicolíticas y 
gluconeogénicas. Por esta razón determinamos y comparamos los valores de RT
PCR de varios genes involucrados en la transformación de PEP en glucosa así 
como otros genes que también pueden participar en la respuesta gluconeogénica 
en estas cepas. 

Se sabe que algunas enzimas codificadas por los genes glicolíticos también 
participan en la respuesta gluconeogénica. De hecho, hay ciertos isoesquizómeros 
que se han involucrado específicamente en ésta vía, incluyendo las enzimas 
codificadas por fbaB, fbp, y pfkB (Frankel, 1996). Como se puede ver (Tabla 6), 
estos genes y también gpmB, gapC1 y gapC2, que pueden participar en la 
gluconeogénesis, están sobreexpresados tanto en la PB 12 como en la PB 11. 

Considerando juntos estos resultados, aunados a la sobreexpresión de los 
operones aceBAK y acs, responsables de la utilización de acetato en las cepas 
PTS-, proponemos que estas cepas pueden utilizar simultáneamente ambas 
capacidades: glicolíticas y gluconeogénicas en presencia de altas concentraciones 
de glucosa en el medio. Para demostrar esta propuesta, se determinó la 
capacidad de estas cepas para crecer en medio mínimo conteniendo dos fuentes 
de carbono: glucosa y acetato. Las tres cepas se crecieron hasta la fase 
exponencial en medio mínimo con glucosa (2g/L). Las células se colectaron, se 
lavaron y se usaron como inóculo para un nuevo cultivo en medio con glucosa (2 
giL) y acetato (1 giL). Como se muestra en la figura 9, la cepa silvestre creció a la 
misma JI de 0.71 h-1 pero después de dos horas en la fase estacionaria, se detectó 
una segunda fase de crecimiento a una JI mas baja. Las mediciones de acetato y 
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glucosa en el medio claramente demuestran que la cepa silvestre utiliza glucosa 
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como única fuente de carbono durante la primera etapa de crecimiento y acetato 
en la segunda etapa, como se esperaba. 

Por el contrario, PB 11 Y PB 12 no presentan un patrón de crecimiento 
diáuxico y ambas cepas crecieron mas rápido [PB11 (¡.J= 0.3 VS. jJ= 0.1 h-1

), Y PB12 
(¡.J= 0048 h-1 

VS. jJ= OAh-1)] que las cepas creciendo en glucosa como única fuente 
de carbono. Las mediciones de concentración de glucosa y acetato demuestran 
que estas cepas PTS- usan ambas fuentes de carbono simultáneamente (N. 
Flores, manuscrito en preparación). Estos resultados apoyan la hipótesis de que 
estas cepas pueden utilizar simultáneamente sus capacidades glicolíticas y 
gluconeogénicas en ausencia del sistema PTS. 
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Figura 9. Cinéticas de crecimiento y utilización de fuentes de carbono de la cepa 
silvestre JM1 01 Y las derivadas PTS- en medio mínimo con glucosa y acetato. 
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6.6. Regulación de los genes del nshunt" de glioxalato y del TeA en cepas PTS. 
Cuando la PB 12 recuperó la capacidad de utilizar glucosa mas 

eficientemente que la PB 11, también recuperó parcialmente la capacidad de 
modular la expresión de los genes del "shunt" de glioxalato. Sin embargo, el patrón 
de expresión de los genes del "shunt" de glioxalato y del TCA es diferente en 
PB 12 del de PB 11 Y JM 101, indicando que los reguladores de estas vías 
metabólicas deben estar funcionando aún, aunque no exactamente de la misma 
manera. Por tal razón, se secuenciaron algunos de genes reguladores cuyos 
productos proteicos participan en la regulación de los genes del "shunt" de 
glioxalato y del TCA y sólo se detectó una mutación en el gene arcB de la cepa 
PB12. 

Las enzimas del TCA están reguladas principalmente a nivel transcripcional 
por dos moduladores específicos: CRP y el sistema de dos componentes ArcA/B, 
aunque hay otros reguladores específicos para ciertos genes. La represión 
catabólica de los genes del TCA se ha demostrado en cepas mutantes crp- en 
donde la expresión de estos genes disminuye (Cronan y Laporte, 1996; Gosset et 
al., 2004). Sin embargo, PB11 y PB12 tienen suficiente AMPc y CRP para permitir 
la activación de galETK y galS que están controlados por este regulador, lo cual 
está apoyado por la sobreexpresión de estos genes (tabla 6). Por otro lado, todos 
los genes que codifican para las enzimas de TCA y el "shunt" de glioxalato así 
como otros genes, están reprimidos por el sistema de dos componentes ArcA/B 
(Iuchi y Un, 1988; luchi et al., 1990; Uu y DeWulf, 2004). Durante condiciones 
anaeróbicas, ArcB se autofosforila y cataliza la transfosforilación de ArcA. En 
estas condiciones, ArcA está a su máximo nivel de fosforilación y ocurre la 
represión total de los genes regulados por ArcA-P. En condiciones aeróbicas, las 
formas oxidadas de las quinonas inhiben la autofosforilación de ArcB (Georgellis et 
al., 2001). En esta condición sólo una pequeña fracción de ArcA se puede 
fosforilar y por tanto la represión de muchos de los genes regulados por ArcA-P 
disminuye (Shen and Gunsalus, 1997). Esto explica por qué la expresión de todos 
los genes del TCA y el "shunt" de glioxalato se incrementa de 1.3 a 2 veces en 
cepas arcA aún en aerobiosis (Iuchi y Un, 1988; Cunningham et al., 1997; Shen y 
Gunsalus 1997; Chao et al 1997; Park et al 1997; Cunningham y Guest 1998). 
Como ya se mencionó, en la cepa PB 11 la mayoría de los genes del TCA se 
transcriben aproximadamente al mismo nivel de la JM1 01 con excepción de fumA, 
y el operón aceBAK que están sobreexpresados. Este operón está regulado por 
varios moduladores: CRP, ArcA, IcIR, Ihf, FadR y posiblemente FruR (Cra) 
(Cronan and Laporte, 1996). La alta sobreexpresión de este operón en la PB11 
probablemente es el resultado de la inactivación de algunos de estos represores 
pero principalmente IcIR. Este represor se libera de la región -35 del promotor y 
se induce la transcripción en cepas silvestres adaptadas a crecimiento en acetato. 
Sin embargo, el acetato no está directamente involucrado en la regulación del 
operón aceBAK. Se ha propuesto que algún metabolito relacionado podría unirse 
a IclR para desreprimir al operón aceBAK (Cortay et al., 1991; Cronan and 
Laporte, 1996). También se ha demostrado que FadR activa la expresión de iclR y 
por tanto regula .indirectamente al operón aceBAK (Gui et al., 1996). ArcA también 
reprime al operón aceBAK bajo condiciones anaeróbicas; aunque la inactivación 
de arcA permite un incremento de dos veces en la expresión de aceBAK aún en 
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condiciones aeróbicas (Iuchi and Un, 1988). Para explicar como se induce el 
operón aeeBAK en la PB 11 es importante notar que esta cepa no produce acetato 
como producto de fermentación ya que no ha sido detectado en el medio (Flores 
et al., 2002). Sin embargo, poxB está altamente sobreexpresado (4 a 5 veces) en 
las cepas PTS-. Si PoxB está realmente activo en estas condiciones, el acetato (o 
un metabolito relacionado) producido de este modo, puede actuar como 
autoinductor de aeeBAK inactivando IcIR. Es interesante que la transcripción de 
fadR e lelR está claramente disminuida en PB11 comparada con JM101 y PB12. 
Esta situación podría también jugar un papel importante en la sobreexpresión de 
aeeBAK en la PB 11, ya que podría indicar que hay menos cantidad de represor 
IclR en la PB11 que en las otras dos cepas. 

Cuando se analizan los perfiles de transcripción de los genes de TCA y del 
"shunt" de glioxalato en la cepa PB12, es importante notar como ya se ha 
mencionado, que todos los genes de TCA están ligeramente sobre regulados 
(entre 1.3 y 2 veces) así como los genes del operón aeeBAK que están 
sobreexpresados entre 2 y 3.7 veces con respecto a la JM1 01. Algunas de estas 
diferencias se pueden explicar por la presencia de una mutación en el gene areB 
de la cepa PB12 que cambió un residuo de Tyr en la posición 71 a un residuo de 
Cys. Esto podría inactivar o disminuir la función de Are en esta cepa. Como una 
caracterización inicial de ésta mutante, se demostró su sensibilidad a azul de 
toluidina, un fenotipo característico de las mutantes arcA y areH (Iuchi et al., 
1988). La cepa PB12 no puede crecer en placas de agar con azul de toluidina y la 
introducción de un plásmido que lleva el gene silvestre del gene areB restablece 
su capacidad de crecer en este compuesto (Figura 10). Cuando la cepa PB12 
recupera la capacidad de crecer rápidamente en glucosa, también recupera la 
capacidad, al menos parcialmente, de reprimir el operón aeeBAK. En 
concordancia, los genes ielR y fadR se transcriben básicamente a los mismos 
niveles en PB12 y JM1 01. Sin embargo, es importante reconocer que el operón 
aceBAK está sobreexpresado en la PB12 (3.7 a 2 veces) en menor extensión que 
la PB11 (15.6 - 5.5 veces), pero aún mayor que la transcripción de los genes de 
TCA en la misma cepa PB12 (1.3 Y 2 fold). Por lo tanto, para explicar las 
diferencias en los niveles de expresión entre los genes de TCA y del "shunt" de 
glioxalato, parece razonable proponer que el represor IclR en la PB12 está 
parcialmente inactivado. Si este fuese el caso, el acetato producido por PoxB, 
cuyo gene está sobreexpresado 5 veces en esta cepa, podría jugar un papel en la 
inactivación parcial de IclR. Por lo tanto, la mutación en areB (ArcBTyr71cys) puede 
ser responsable de la sobreexpresión de los genes de TCA (1.3 a 2 veces) pero 
solo parcialmente responsable de la sobreexpresión del operón aeeBAK en la 
PB12. 

6.7. Regulación de otros genes por ArcA/B: lpd, ellocus glc y ciertos genes que codifican 
para enzimas respiratorias. 

Hay otros genes regulados por ArcA/B y entre ellos Ipd, que codifica para el 
componente deshidrogenasa E3 de Pdh y Sdh. La expresión de este gene está 
también incrementada 2 veces en la PB12. En E. eoli, ellocus gle asociado con la 
utilización de glicolato, incluye el gene gleB que codifica para una malato sintasa y 
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Figura 10. Crecimiento de la cepa PB12 con la mutación en ArcB (PB121). Esta cepa es sensible a 
azul de toluidina. Panel A crecimiento en medio sin azul de toluidina. Panel B crecimiento con azul 
de toluidina. 

otros genes necesarios para la actividad oxidasa de glicolato, así como gleC que 
codifica para una proteína activadora. Las rutas metabólicas especificadas por los 
operones gle y aeeBAK producen glioxalato como intermediario común, el cual se 
utiliza por las dos malato sintasas codificadas por gleB y aeeA. Pellicer et al., 
(1999) demostraron que mutantes nulas en cualquiera de estos genes no exhiben 
fenotipo alguno debido a la inducción cruzada del operón aeeBAK por glicolato y el 
operón gle por acetato . En el mismo estudio, también se demostró que la 
regulación del operón gle incluyendo gleB, está bajo control positivo de GlcC 
codificado por un gene divergente. Además, se demostró que la expresión del 
operón gle al igual que la del operón aeeBAK, está controlada negativamente por 
ArcA. De manera interesante, el patrón de transcripción de gleB es similar al del 
operón aeeBAK en las cepas PB11 y PB12: está altamente expresado en la PB11 
(mas de 10 veces) y menos, pero aún relativamente sobreexpresado en la PB12. 
Nosotros pensamos que el acetato producido vía PoxB, podría también jugar un 
papel importante en la sobreexpresión del operón gle y del gene regulador gleC en 
las cepas PB 11 Y PB 12. La inactivación de ArcB o el incremento de su actividad 
desfosforilante en ArcA-P (Georgellis, et al., 1998; Malpica et al., 2004) en PB12 
podría contribuir a la sobreexpresión de gleC y gleB como ocurre con el operón 
aeeBAK. 

En la PB11 la transcripción de los genes que codifican para cuatro de las 
reductasas del sistema respiratorio (CyoABCD, CydAB, FrdABCD, NarG) está 
disminuida al igual que ubiE que está involucrado en la biosíntesis de ubiquinona. 
La transcripción de los genes que codifican para las deshidrogenasas involucradas 
en la transferencia de electrones desde sustratos a quinonas durante el primer 
paso de la cadena respiratoria (NuoAN, Ndh, SdhABCD) , están también 
disminuidos comparados con los de las cepas JM101 Y PB12. El único gene 
respiratorio que está altamente expresado en la PB 11 (4 veces) y en la PB 12 (5 
veces) es poxB, cuya enzima utiliza PYR como donador de electrones y produce 
acetato en estas cepas PTS-. Este gene podría jugar un papel dual al menos en la 
PB 11: en la respiración por reducir las quinonas en la membrana y en la inducción 
de los operones aeeBAK y aes produciendo acetato. No obstante, parece que las 

32 



capacidades respiratorias de la PB11 están disminuidas comparadas con las de 
las otras dos cepas. ArcA regula la expresión de varios de estos genes y la 
expresión de sdhABCD, y cyoABCD, que son ejemplos de esta situación, están 
aparentemente ligeramente sobreexpresados en la PB12 comparada con JM101 y 
PB 11. Sin embargo, este último grupo de valores se debe tomar con cautela 
debido a que algunos de ellos se encuentran dentro de los límites de error 
experimental. 

6.8. Genes relacionados con los procesos de fermentación y producción y utilización de 
acetato en cepas PTS. 

Los niveles de transcripción de genes involucrados en la producción de 
productos de fermentación (IdhA, adhE, pta, y ackA) están ligeramente 
disminuidos en la PB11 comparados con la JM101. De hecho, se ha reportado que 
la PB11 no produce ningún producto de fermentación detectable (Flores et al., 
2002). Los valores de transcripción de estos genes son básicamente los mismos 
entre la cepa PB12 y la JM101 con excepción de pta que está sobreexpresado 
(1.8 veces) en esta cepa PTS". 

La PB12 produce pequeñas cantidades de lactato y menos acetato (que se 
produce en la fase log) que la JM101 (Flores et al., 2002; Flores S., comunicación 
personal). 

Se ha propuesto que en E. coli la ruta de acetato fosfotransacetilasa-cinása 
codificada por pta y ackA, funciona primariamente con un papel catabólico 
generando ATP durante crecimiento aeróbico en exceso de glucosa. Estas 
enzimas también catalizan la ruta reversa de alta afinidad que se activa cuando el 
acetato está presente extracelularmente en grandes cantidades. Sin embargo, la 
ruta de Acs que incluye la AcCoA sintasa (Acs) y una permeasa de acetato, 
codificadas por los genes acs y yjcG (actP) , se inducen por acetato para 
propósitos de "scavenging" de ésta molécula (Gimenez et al., 2003; Phue y 
Shiloach, 2004). Como se mencionó anteriormente, pensamos que estas dos 
cepas PTS" pudieran usar PoxB para producir acetato como el autoinductor 
responsable de la sobreexpresión de los operones aceBAK y acs. El acetato 
producido internamente debería ser transformado en AcCoA por Acs, codificada 
por acs que está altamente sobreexpresado al igual que los genes yjcG (actP) y 
poxB en ambas cepas PTS", y finalmente se incorpora en TCA y/o en el "shunt" de 
glioxalato. 

Es relevante enfatizar que poxB y acs así como muchos otros genes, tienen 
promotores dependientes de RpoS (Chang et al, 1994; Shin et al., 1997; Hengge
Aronis, 2002). La transcripción de rpoS está elevada en las cepas PB11 y PB12 
(2.9 Y 2.2 veces respectivamente). Esto podría explicar la sobreexpresión de los 
genes poxB y acs en estas cepas PTS". 

Todos estos resultados indican que las cepas PTS" han modificado sus 
capacidades de convertir PYR en AcCoA no solo con el uso de la Pdh sino 
también con la participación de la piruvato oxidasa y la AcCoA sintasa. 

33 

- --- - - --------------



6.9. La vía de las pentosas fosfato y la capacidad de sintetizar compuesto aromáticos en 
la cepa PB12. 

En la cepa JM101 22% de la glucosa-6P se dirige a través de la glucosa 
deshidrogenasa (Zwf) cuando crece aeróbicamente en glucosa como única fuente 
de carbono. La transcripción del gene zwf en PB 11 está ligeramente disminuida 
mientras que en PB 12 está ligeramente sobreexpresado. Estos resultados 
concuerdan con las actividades específicas de Zwf (Flores et al., 2002). Se ha 
demostrado previamente que la PB12 utiliza intermediarios de la ruta EMP para 
sintetizar ribosa-5P (R5P) y eritrosa-4P (E4P) por la acción secuencial de 
transcetolasas y transaldolasas (Frankel, 1996; Flores et al., 2002). Como se 
puede ver en la tabla 6c, los genes tldB y talA que forman parte de un operón que 
codifica para la transcetolasa B y la transaldolasa A, están altamente 
sobreexpresadas en las cepas PB11 (11 veces) y PB12 (5 veces). La expresión de 
los genes tldA, talB, rpiB, rpíA, rpe y eda también está sobreexpresada en la cepa 
PB12. 

6.10. La expresión de genes que codifican para proteínas reguladoras. 
Determinamos los valores de transcripción de varios genes cuyos productos 

son proteínas reguladoras de la expresión genética. La transcripción de algunos 
de estos genes (tabla 6i), como crp no cambia significativamente en la PB11. Sin 
embargo, hay algunos otros genes cuyo nivel de transcripción está ligeramente 
elevado como cyaA, arcB, y rpoS en esta cepa PTS-. Por otro lado, la transcripción 
de íclR y fadR está disminuida en la PB 11. En PB 12, la transcripción de algunos 
de estos genes como crp, arcA y arcB no cambia significativamente; pero la 
expresión de la mayoría de los genes restantes está ligeramente elevada. 

La disminución en la expresión de los genes iclR y fadR puede jugar un 
papel importante en la desrepresión (15-5.5 veces) del operón aceBAK en PB11. 
Por otro lado, la sobreexpresión de estos dos genes en la PB 12 puede dar como 
resultado una activación parcial de IclR y FadR así como del operón aceBAK (3.7-
2 veces). De manera similar, el incremento en la transcripción de rpoS en ambas 
cepas puede explicar la sobreexpresión de varios genes (poxB, acs, fumA, acnA, 
tldB, talA y otros) que tienen promotores dependientes de RpoS. 
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Table 6. Niveles de transcripción relativa determinados por RT-PCR de varios 
grupos de genes de las cepas JM101, PB11 and PB12. 

Ruta, proceso 
o grupo de Proteína para la que codifica Niveles de expresión como 
genes 2MCt con JMIO! como valor 

de normalización 1. 

PBII PBI2 
a. regulón gal 
galE UDP-glucosa 4-epimerasa 38.8 ± 6.864 46.6 ± 6.506 
galT Gal-I P uridiltransferasa 35.6 ± 2.376 42.5 ± 3.995 
galK galactocinasa 39.0 ± 2.376 48.21± 3.995 
galM A1dosa-l-epimerasa 8.1 ± 3.946 3.3 ± 0.692 
galP Permeasa de galactosa 12.4 ± 1.086 13.1 ± 1.867 
galS Repressor transcripcional del regulón gal 4.9 ± 0.477 3.2 ± 0.526 
galR Repressor transcripcional del regulón gal 3.2±0.199 1.2 ± 0.472 
galU UTP-glucosa-I P uridiltransferasa 1.7 ± 0.309 2.1± 0.366 
mglB Transportador ABC de galactosa 13 .4 ± 0.098 9.0 ± 1.606 
lamB* Receptor de maltosa de alta afinidad 17.6 ± 0.374 0.9 ± 0.019 
pgm* fosfoglucomutasa 1.7±0.310 2.3 ± 0.458 

b. Glicólisis 
glk glucocinasa 1.0 ± 0.032 2.2 ± 0.103 
pgi Fosfoglucosa isomerasa 1.0 ± 0.080 6.6 ± 0.282 
pjkA fosfofructocinasa 0.3 ± 0.040 0.5 ± 0.012 
fbaA Fructosa bifosfato a1dolasa 0.9± 0.046 1.1 ± 0.052 
tpiA Triosa fosfato isomerasa 0.5 ± 0.034 1.8 ± 0.029 
gapA Gliceraldehído-3P deshidrogenasa 0.4 ± 0.151 1.7 ± 0.214 
pgk Fosfoglicerato cinasa 0.7 ± 0.001 1.2 ± 0.060 
gpmA Fosfoglicerato mutasa 0.9 ± 0.007 1.8 ± 0.039 
eno enolasa 0.5 ± 0.169 0.5 ± 0.1 46 
pykA Piruvato cinasa A 0.4 ± 0.002 1.0 ± 0.045 
pykF Piruvato cinasa F 0.8 ± 0.010 0.9± 0.001 
aceE Piruvato deshidrogenasa (E 1) 0.4 ± 0.025 1.4 ± 0.023 
aceF Piruvato deshidrogenasa (E2) 0.6 ± 0.022 1.2 ± 0.004 
lpd Piruvato deshidrogenasa (E3) (ver TCA) 1.1 ± 0.107 2.0± 0.128 

c. Vía de las pentosas fosfato 
zwf Glucose-6P-I-deshidrogenasa 0.7 ± 0.063 1.9 ± 0.175 
gnd 6-fosfogluconato deshidrogenasa 0.8 ± 0.110 1.2 ± 0.069 
rpe Ribulosa fosfato epimerasa 0.7 ± 0.092 0.9 ± 0.046 
rpiA Ribosa-5-fosfato isomerasa A 0.6 ± 0.000 1.6 ± 0.150 
rpiB Ribosa-5-fosfato isomerasa B 1.4 ± 0.307 1.9·± 0.291 
tktA Transcetolasa A 0.5 ± 0.050 2.4 ± 0.114 
tktB Transcetolasa B 11.6 ± 0.228 5.7±0.122 
talA Transaldolasa A 10.6 ± 1.924 5.1 ± 0.732 
talB Transaldolasa V 1.1 ± 0.061 1.6 ± 0.002 
eda 2-K-3-deoxi-fosfogluconato aldolasa 0.5 ± 0.038 1.2 ± 0.047 
edd Fosfogluconato dehidratasa 0.3 ± 0.024 0.5 ± 0.088 

d. Ciclo de los ácidos tricarboxilicos y el "shunt" 
de glioxalato 
gltA Citrato sintasa 0.8 ± 0.083 1.3 ± 0.171 
acnA* AconitasaA 5.2 ± 0.594 5.7 ± 0.232 
acnB AconitasaB 1.7 ± 0.364 1.7 ± 0.422 
aceB Malato sintasa A 15.6 ± 2.519 3.7 ± 0.308 
aceA Isocitrato liasa 11.9 ± 1.248 1.9 ± 0.225 
aceK Isocitrato deshidrogenasa fosfatasalcinasa 5.5 ± 0.774 1.9 ± 0.255 
glcB Malato sintasa G 11.7±1.417 3.7 ± 0.477 
glcC* Regulador transcripcional dual 3.6± 0.299 6.9± 0.134 
icdA Isocitrato deshidrogenasa 1.0 ± 0.103 1.9 ± 0.003 
sucA 2-oxoglutarato deshidrogenasa (E I O) 1.4 ± 0.099 1.7 ± 0.068 
sucB Dihidrolipoamida succinato transferasa 0.8 ± 0.035 1.4 ± 0.086 
ldp Dihidrolipoato deshidrogenasa 1.1 ± 0.107 2.0±0.128 
sucC SuccinilCoA sintetasa subunidad ~ 0.9± 0.072 1.6 ± 0.026 
sucD SuccinilCoA sintetasa subunidad a 1.0 ± 0.213 1.4± 0.302 
sdhA Succinato deshidrogenasa 0.9 ± 0.004 2.0 ± 0.278 
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sdhB Succinato deshidrogenasa 0.8 ± 0.043 1.7 ± 0.027 
sdhC Succinato deshidrogenasa 1.3 ± 0.112 2.1 ± 0.593 
sdhD Succinato deshidrogenasa 0.9 ± 0.017 1.8 ± 0.052 
fumA FumarasaA 3.3 ± 0.675 3.6 ± 0.673 
fumB FumarasaB 0.8 ± 0.705 0.7 ± 0.365 
fumC* FumarasaC 4.3 ± 0.989 3.5 ± 1.482 
mdh Malato deshidrogenasa 1.2± 0.141 1.8 ± 0.520 

e. Genes anapleróticos 
maeB Enzima málica 1.2 ± 0.201 2.5 ± 0.032 
sfeA Enzima málica 1.9 ± 0.332 1.7 ± 0.100 
mdh Malato deshidrogenasa 1.2 ± 0.141 1.8 ± 0.520 
ppsA PEP sintasa 3.7 ± 0.216 2.4 ± 0.092 
pekA Piruvato carboxicinasa 0.8 ± 0.068 2.3 ± 0.026 
ppe PEPcarboxilasa 0.6 ± 0.059 0.8 ± 0.009 

f. Gluconeogénesis 
maeB Enzima málica 1.2 ± 0.201 2.5 ± 0.032 
sfeA Enzima málica 1.9 ± 0.332 1.7±0.100 
mdh Malato deshidrogenasa 1.2± 0.141 1.8 ± 0.520 
ppsA PEP sintasa 3.7 ± 0.216 2.4 ± 0.092 
pekA Piruvato carboxicinasa 0.8 ± 0.068 2.3 ± 0.026 
ppe PEPcarboxilasa 0.6 ± 0.059 0.8 ± 0.009 
eno enolasa 0.5 ± 0.169 0.5±0.146 
gpmA Fosfoglicerato mutasa 1 0.9± 0.007 1.8 ± 0.039 
gpmB Fosfoglicerato mutasa 2 1.5 ± 0.227 2.7 ± 0.357 
pgk Fosfoglicerato kinasa 0.7 ± 0.001 1.2 ± 0.060 
gapA Gliceraldehído-3P deshidrogenasa 0.4± 0.151 1.7 ± 0.214 
gapC-l Gliceraldehído-3P deshidrogenasa 6.7 ± 0.108 3.1 ± 0.091 
gapC-2 Gliceraldehído-3P deshidrogenasa 3.9±0.193 3.2 ± 0.015 
fbaB Fructosa bifosfato aldolasa 10.6 ± 1.137 4.9 ± 0.858 
fbaA Fructosa bifosfato aldolasa 0.9 ± 0.046 1.1 ± 0.052 
fbp Fructosa 1,6-bifosfatasa 2.4 ± 0.751 2.8 ± 0.138 
pjkB fosfofructocinasa 1.2 ± 0.224 1.9 ± 0.205 
pgi Fosfoglucosa isomerasa 1.0 ± 0.080 6.6 ± 0.282 

g. Respiración 
nuoA NADH deshidrogenasa 1 0.4 ± 0.007 2.4 ± 0.112 
nuoF NADH deshidrogenasa 1 0.3 ± 0.117 1.4 ± 0.109 
nuoN NADH deshidrogenasa 1 0.4 ± 0.021 1.0 ± 0.084 
ndh NADH deshidrogenasa 11 0.6 ± 0.036 1.1 ± 0.076 
sdhA Succinato deshidrogenasa 0.8 ± 0.004 2.0 ± 0.278 
sdhB Succinato deshidrogenasa 0.8 ± 0.043 1.7 ± 0.027 
sdhC Succinato deshidrogenasa 1.3 ± 0.112 2.1 ± 0.593 
sdhD Succinato deshidrogenasa 0.9 ± 0.017 1.8 ± 0.052 
ubiE Metil transferasa 0.4 ± 0.013 1.6±0.015 
frdA Fumarato reductasa 0.2 ± 0.009 0.6 ± 0.035 
frdB Fumarato reductasa 0.1 ± 0.009 0.7 ± 0.045 
frdC Fumarato reductasa 0.2 ± 0.030 0.7 ± 0.010 
frdD Fumarato reductasa 0.2 ± 0.049 0.8 ± 0.063 
napA Nitrato reductasa 0.1 ±0.010 0.9±0.132 
narG Nitrato reductasa A 0.2 ± 0.043 1.2 ± 0.113 
cydB Citocromo d ubiquinol oxidasa 0.4± 0.030 0.9 ± 0.039 
eyoA Citocromo o ubiquinol oxidasa 0.6 ± 0.015 1.5 ± 0.071 
eyoB Citocromo o ubiquinol oxidasa 0.3 ± 0.035 1.4 ± 0.140 
cyoC Citocromo o ubiquinol oxidasa 0.3 ± 0.011 1.2 ± 0.160 
cyoD Citocromo o ubiquinol oxidasa 0.3 ± 0.029 1.1 ± 0.092 

h. Genes de fermentación, producción y utlización 
de acetato 
IdhA Lactato deshidrogenasa 0.6 ± 0.019 1.1 ± 0.244 
pta Fosfato acetil transferasa 0.7±0.129 1.5 ± 0.329 
aekA Acetato cinasa 0.4±0.121 0.8 ± 0.013 
adhE Alcohol deshidrogenasa 0.6 ± 0.079 0.9± 0.041 
poxB Piruvato oxidasa 4.2 ± 0.353 5.7 ± 0.485 
aes Acetil CoA-sintetasa 5.6 ± 0.745 8.0 ± 0.136 
yjeG (aetP) Transportador de acetato 5.1 ±0.455 7.2 ± 0.219 

i. Reguladores 
eyaA Adenilato ciclasa 1.4± 0.063 1.8 ± 0.098 
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crp Regulador transcripcional dual 
fruR Regulador transcripcional dual 
arcA Regulador transcripcional dual 
arcB Regulador transcripcional dual 
m/c Repressor transcripcional 
ihfA Regulador transcripcional dual 
ihjB Regulador transcripcional dual 
iclR Repressor transcripcional 
fadR Regulador transcripcional dual 
rpoS Factor sigma 38 de la RNA polimerasa 

0.8 ± 0.020 
1.3 ± 0.002 
1.2 ± 0.020 
2.3 ± 0.707 
l.l ± 0.003 
1.8 ± 0.045 
1.0 ± 0.000 
0.4 ± 0.035 
0.6± 0.031 
2.9± 0.086 

1.0 ± 0.053 
1.5 ± 0.074 
1.3 ± 0.094 
1.3 ± 0.722 
1.7 ± 0.061 
1.7 ± 0.060 
1.0 ± 0.000 
1.4 ± 0.075 
1.6 ± 0.082 
2.2 ± 0.156 

Esta tabla muestra los niveles de transcripción relativos de diferentes grupos de genes 
involucrados en diferentes vías y procesos metabólicos. Para cada gene en todas las cepas, el 
nivel de transcripción del gene de la cepa silvestre se usó como el valor para normalizar los datos 
usando el valor de RT -PCR de esta cepa como valor de 1. Por lo tanto, los datos de esta tabla 
están reportados como valores de expresión relativa, comparados al nivel de expresión de JM101. 
Los genes marcados con asterisco no son parte de la ruta o regulón, pero se incluyen ya que sus 
productos están relacionados a las enzimas codificas por ese grupo específico de genes, o por 
porpósitos comparativos. 

7. Conclusiones relevantes 

Como resultado del análisis por RT -PCR, se detectaron diferencias 
significativas a nivel transcripcional de varios genes (Tabla 6). Estos resultados 
han contribuido a entender las diferentes capacidades metabólicas en las cepas 
PB11 PTS' y PB12 PTS-Glc+. Algunos de los cambios importantes y comentarios 
son los siguientes: 

a) La cepa PB 11 crece muy lentamente en glucosa porque no puede transportar y 
fosforilar la glucosa eficientemente. Por tanto, la célula podría estar sensando 
internamente concentraciones muy bajas de glucosa o glucosa-6-P. Como 
respuesta a esta condición de ayuno-estrés, se puede inferir que la célula debe 
sintetizar varios autoinductores, para propósitos de "scavenging" (Ferenci, 2001; 
Hua et al., 2004). Uno de estos autoinductores debe ser la galactosa que permite 
la sobreexpresión del regulón gal, y esto permite a la PB11 transportar glucosa a 
través de GalP y/o MgIB. Proponemos también que el acetato que probablemente 
se produce por PoxB, podría ser otro autoinductor sintetizado en esta condición en 
PB11. Acetato (o un metabolito relacionado) podría funcionar como el autoinductor 
de los operones involucrados en su utilización como aeeBAK, aes y gle que están 
altamente sobreexpresados en PB 11. Es de gran relevancia que RpoS, cuyo gene 
codificante está también sobreexpresado en las cepas PTS-, debiera estar 
involucrado en la transcripción de los genes poxB y aes, aún en medio con altas 
concentraciones de glucosa. La cepa PB12 PTS-Glc+ es capáz de crecer mas 
rápido que la PB 11 , principalmente porque los genes glk y pgi están 
sobreexpresados en PB 12, permitiendo una mejor fosforilación y isomerización en 
fructosa-6-P. El regulón gal así como los operones aeeBAK, aes y gle están 
sobreexpresados en esta cepa; por tanto PB12 debería también producir 
galactosa y acetato (o un metabolito relacionado) como autoinductores. La 
sobreexpresión de estos operones podría explicar por qué ambas cepas PTS
pueden utilizar simultáneamente glucosa y acetato como fuentes de carbono. 
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Además, las tasas de crecimiento de las cepas PTS- aumentaron cuando se creció 
en ambas fuentes de carbono sin ninguna fase lag detectable. Este resultado es 
un claro indicio de que las enzimas que se requieren para la incorporación rápida 
de acetato (codificadas en los operones aceBAKy acs) están ya presentes en las 
células. Estos resultados están de acuerdo con el alto incremento (2 veces) en los 
flujos de carbono entre piruvato y AcCoA presente en las cepas PTS-, y también 
con el aumento (2.5 veces) en el flujo de carbono entre citrato y malato en PB11, 
comparado con la JM1 01 (Flores et al., 2002). 

Cuando E. coli silvestre se crece en condiciones limitantes de glucosa 
(starvation-stress), o en cultivos en quimiostato con glucosa limitada a una tasa de 
crecimiento específica de 0.1 h-1

, se induce la producción de galactosa como 
autoinductor del operón gal, esto en cambio permite la síntesis de MgIB, el 
transportador de alta afinidad por glucosa, para la internalización de glucosa 
(Death y Ferenci, 1994; Hua et al., 2004). Debido a que la célula también 
sobreexpresa los operones aceBAK y acs, es razonable inferir que al igual que en 
las cepas PTS-, la cepa silvestre en estas condiciones de crecimiento limitadas por 
glucosa también pudieran producir acetato como autoinductor con propósitos de 
"scavenging" . 

Estos resultados indican que una cepa silvestre creciendo en condiciones 
de limitación de glucosa utilizan principalmente la permeasa de alta afinidad MglB 
y Glk para transportar y fosforilar glucosa, en lugar de PTS. Cuando la célula 
encuentra glucosa en altas concentraciones, PTS funciona otra vez y utiliza este 
carbohidrato como la fuente de carbono preferencial (Ferenci, 2001). Esto resulta 
en el apagado de las señales de "scavenging" reprimiendo los operones gal, 
aceBAK y acs. Por lo tanto, la capacidad adaptativa a estrés de una cepa de E. 
coli silvestre para sintetizar autoinductores cuando sensa bajas concentraciones 
de glucosa, se encuentra congelada genéticamente de manera permanente en las 
cepas PTS- debida a la ausencia del sistema PTS. También, la obligación de usar 
Glk en estas cepas no permite a la célula acoplar eficientemente el transporte de 
glucosa a su fosforilación y catabolismo. Esta situación, de hecho una condición 
de ayuno-estrés, puede ser responsable de que la célula sense concentraciones 
de glucosa o glucosa-6P a muy bajas concentraciones, aún en presencia de altas 
concentraciones de glucosa en el medio, pero ciertamente a diferentes niveles 
entre las cepas PB 11 Y PB 12; 

b) PB12 tiene la capacidad de sintetizar compuestos aromáticos con un alto 
rendimiento a partir de glucosa (qs de 63 vs. 33 Y 6.6 mmolC/gocwh en JM1 01, 
PB12 Y PB11 respectivamente). Estos resultados se han explicado en términos de 
la alta disponibilidad metabólica de PEP, que resulta del transporte dependiente 
de ATP en esta cepa (Flores et al., 1996; Báez et al., 2001; Báez-Víveros et al., 
2004). Los datos obtenidos en este trabajo proporcionan nueva información que 
permite entender la relación entre las características fenotípicas de la cepa PB 12 Y 
su alta capacidad para sintetizar compuestos aromáticos. En esta cepa, se detectó 
la sobreexpresión de los genes tktA, tktB, talA y talB cuyos productos están 
relacionados a la síntesis de eritrosa-4P, el precursor de compuestos aromáticos a 
partir de intermediarios de la vía EMP. Adicionalmente, los genes gluconeogénicos 
maeB, sfcA, pckA, pps, fbaB, fbp y pfkB están sobreexpresados. Este resultado es 
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significativo en el contexto de la biosíntesis de compuestos aromáticos ya que el 
producto proteico del gene pps convierte PYR en PEP y de este modo contribuye 
al incremento de la disponibilidad metabólica de este segundo precursor 
aromático. Además, la capacidad gluconeogénica que coexiste con la capacidad 
glicolítica detectadas en ésta cepa, permitiendo la utilización simultánea de 
glucosa y acetato, es un rasgo fisiológico que puede permitir a la PS 12 utilizar 
simultáneamente glucosa y otras fuentes de carbono, sin efecto de represión 
catabólica y esto puede potencialmente aumentar el rendimiento en la síntesis de 
compuestos aromáticos; 

c) Se encontró una mutación puntual en el gene arcB en la cepa PS12. Esta 
mutación cambió un residuo de tirosina en uno de cisteína en la posición 71 de la 
región transmembranal 2 de ArcS. Hay dos residuos de cisteína en ArcS en la 
región denominada "linker" de la proteína ArcS y datos recientes indican que estos 
dos residuos son responsables en ArcS de sensar el estado redox de la célula al 
ser reducidos u oxidados por la poza de quinonas (Malpica et al., 2004). Es 
interesante señalar que durante condiciones oxidantes la desfosforilación de ArcA
P, una actividad necesaria para reducir su actividad regulatoria, procede al menos 
"in vitro" , vía ArcAAsP54-P -7 ArcSHi8717-P -7 ArcSAsp576-P -7Pi ruta reversa (Georgellis et 
al, 1998). Así, una possible explicación es que el nuevo residuo de cisteína podría 
participar en la formación de un puente disulfuro entre dos subunidades de ArcS. 
Esto podría dar como resultado una conformación de ArcS con una actividad de 
desfosforilasa incrementada. Esta mutación pudiera explicar la ligera 
sobreexpresión de los genes de TCA y algunos respiratorios en esta cepa durante 
crecimiento aeróbico. Es importante enfatizar que la PS 12 exhibe el mismo 
fenotipo de sensibilidad a crecimiento en azul de toluidina que las cepas mutantes 
~arcA y ~arcB (Iuchi et al, 1988), y que la introducción de un plásmido que lleva el 
gene arcB restablece su capacidad de crecimiento (figura 10). No obstante, el 
significado de esta mutación se está estudiando en mayor detalle. Recientemente, 
se demostró que el modulón ArcA probablemente abarca mas de 100 operones 
para mediar un papel en la adaptación celular (Liu y DeWulf, 2004). Por lo tanto, la 
selección de una mutación en arcB en la cepa PS 11 puede ser una alternativa 
interesante para estabilizar genéticamente y/o permitir la sobreexpresión de varios 
genes que pudieran permitir una mayor flexibilidad metabólica. En PS12, el 
fenotipo PTS-Glc+ es el resultado de al menos dos mutaciones no ligadas 
genéticamente (en adición a la deleción de los genes PTS) (Flores, 1995), 
responsables de la sobreexpresión de los genes glk y pgi que permite un rápido 
crecimiento en glucosa, y la mutación arcB. Es difícil sugerir cual de éstas 
mutaciones ocurrió primero. Sin embargo, nos inclinamos por la posibilidad de que 
la mutación en arcB ocurrió en un fondo genético donde glk y pgi estaban 
sobreexpresadas ya que en estas condiciones la célula cataboliza glucosa mas 
eficientemente y crece mas rápido. Este fondo genético podría permitir la 
selección de una mutación para una utilización mejor de las enzimas del ciclo de 
TCA y de ciertas enzimas respiratorias que en la PS11; 

d) Se determinaron las secuencias nucleotídicas de varios genes. Como se 
mencionó, solo se ha identificado una mutación puntual en arcB en PS12. No 
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obstante, se desconoce si el sistema regulador ArcAB regula la expresión de g/k y 
pgi o la expresión de otros genes en diferentes vías que también se 
sobreexpresan en PB12 comparada con PB11 y JM101. Por lo tanto, en PB12 
podría haber una o más mutaciones en diferentes genes aún no identificados o 
relacionados a esta respuesta. Estamos trabajando en la aislamiento de genes 
responsables de este fenotipo. 

8. Perspectivas 

Finalmente, hay mucho por hacer con el objeto de caracterizar y mejorar la 
utilización de éstas cepas con propósitos de producción. Inicialmente, uno de los 
sistemas reguladores que estudiaremos en mas detalle es el del regulador 
transcripcional RpoS. RpoS es la subunidad sigma de la RNA polimerasa que 
puede reemplazar parcialmente al factor sigma vegetativo (sigma 70) bajo 
condiciones de estrés. Como consecuencia, la transcripción de numerosos genes 
dependientes de sigma S se activa. La regulación del gene rpoS es un fenómeno 
complejo en el que participan varios efectores como cAMP-CRP. Este modulador 
aparentemente juega un papel tanto de activador como de represor dependiendo 
de las condiciones de crecimiento (Hengge-Aronis, 2002). Parece que la ausencia 
de PTS induce una respuesta de estrés o "scavenging" por carbono, lo cual causa 
la sobreexpresión de rpoS la cual en cambio puede ser responsable de la 
sobreexpresión de varios genes de respuesta a estrés como poxB, acs, acnA, 
fume, pps, tktB y otros. 

Trabajaremos también en la caracterización fina de la mutante arcB en 
PB 12, en la búsqueda de las mutaciones responsables del incremento de la 
transcripción de g/k, pgi Y de otros genes que se expresan altamente en la PB 12 
con relación a la PB11 (el sistema re/A-spo7). 
Finalmente se construirán cepas que porten el gene poxB inactivado y se 
analizará la capacidad para producir acetato como inductor en estas cepas. 
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Abstraet 

Phosphoellolpyruvale (PEI» is a key inlCl'lllediate of ccllubr l11elabolisl11 anó a precursor of cOI1l111ercial1y rcle;ant producis. In 
Escf¡ericf¡ia coli 50'Yu of lhe glucose-d.::rived PEP is consulTIed by the PEP:carbohydratc phospholransferase syslel11 (PTS) for glucose 
transporto PTS, encodcd by th.:: plsH ler!' operon, was dektecl from 1M 101 to genera te strain PB 11 (PTS -Gk-). PB 12, a mutant 
c1erived from PB 11, gro\Vs fllSlt:r than the parental strain on glucose (PTS-GIc + phenotype). This stmin can reclirect sOl11e of 
the PEP not lltilizec\ by PTS into the high yicld synthesis of aromatic compouncl's from glucosc. Herc, \Ve report a 'comparativc 
transcription analysis among these strains of more than lOO gcnes involliecl in central cmbon ll1etabolism during growth on 
glllcosc. 11 was found that in the PTS- strains that have rec\uced glucose transport capacities, several genes encoding proteins 
with functions related to carbon transport anc\ metabolism were upregulated. Thcrerore, it coulcl be inferrcc\ thnt thcse strains 
synthesize autoinduccrs oC these genes when sensing very low intern~1 glucose concentrations, probably for scavenging purposes. 
This condition that is pennanently present in the PTS- strains evcn when growing in high glllcose concentratiolls allowec\ 
the simultancolls utilization of glucose and acetate as carbon sources. I t was fOllnc\ that thc g(ll operon is . upreglllatec\ in these 
strains, as well ns the aceB;! K,poxB and (lCS genes among others. In PB 12, glk, pgi, the TCA cycle ancl certain r.::spiratory gencs ate 
also upregulated. A mutation in (frcB in PB I12 is apparently responsible for the upreglllation of the TCA cycle and certain 
rcspiratory genes. 
<e) 2004 Elsevicr Inc. AII rights reservcd. 

KC)'Irords: Errh",idlÍa coli; PTS-; arcA; arcfJ; !laIP; !llk; pyi; rpuS; RT -PCR; Starvalion-slrcss response; TCA; Glyoxylate shunl; Autoinuucers; 
Acetak; Phosphocnolpyrllvatc; Pyruvatc 

l. Introduction 

Metabolic engiñeering can be defined as the rnodifica
tion of cellular enzyrnatic, transport and regulatory 
activities with the aim ' of strain improvement (Bailey, 
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1991). This discipline has been appliedin Escherichia 
coli to irnprove productivity and yield in the synthesisof 
specific metabolites , Sorne of thestrategies ' fcillowed to 
achieve these goals include modificatíon'or ~liril¡nf\tion 
of the phosphoenolpyrllvate (f>EP):carbo'hyd~ate: pho~~ 
photransferase system (PTS): This pioteín ';ystem 
belongs to the grollp translocator classof transporters, 
which are widespread in bacteria (Saier, 2002), One of 
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the main functions of PTS is the transport and PEP
dependent phosphorylation of several sugars. This 
system is composed by the non-sugar-specific protein 
components Enzyme 1 and HPr whose function is to 
relay a phosphate group from PEP to sugar-specific HA 
and IIB PTS protdns. PTS is also involved in the 
regulation of several cellular processes such as catabolite 
repression and chemotaxis (Postma et al., 1996). There
fore, PTS forms part ofa global regulatory network that 
controls the capacity of cells to find, select, transport 
and metabolize several types of carbon sources. 

Half of the PEP produced during glycolysis is 
consumed by PTS for gluc6se internalization . This 
metabolic constraint limits the amollnt of PEP available 
for the synthesis of several metabolites derived from this 
precursor when E. co!i uses glucose as the carbon source. 
For this reason, considerable efrort lws been focused on 
developing E. coti struins that can:" transpon glucose 
efficiently by a PEP-consumption independent mechan
iSI11. However, inactivation of PTS causes a wide range 
of effects due to its important role iil the physiology ~f 
the cell. For example, a deletion of the ptsHlcrr operon 
in E. coti decreases glucose transport and growth rates 
(PTS- phenotype) (Flores, 1995; Flores et al., 2002). As 
such, PTS- strains are not stlitable for production 
purposes. Therefore, further genetic modillcatiolls are 
required to increase gl,ucose transport capacity in a 
PTS- mutant. Oifferent approaches have been reponed 
to achieve this purpose \Vith varying degrees of success 
(Flores el al., 1996; Chen et al., 1997; Ch"ndran el al., 
2003; Hcrnúndez-Monlalvo et al., 2003). 

'Ne have obtained spontaneous mutants from PB 11 
(PTS-) that lack the ptsHlcrr opero n but grow faster on 
glucose than the PTS- parental strain . Thcse strains 
were isolated by an adaptive evolution process, in which 
PB 1 1 \Vas grown in a chemostat, \Vith glucose fed al 

progressive1y higher rates (Flores. 1995; Flores et al., 
1996). lJiitial characterizatión of these strains revc:aled 
that rapid glucose consulllption and high growth rates 
depend on fllnctional ga!P and g!k gc:nes that code for 
gabctose permease (GaIP) and glllcokinase (Glk), 
respectively (Flores el al., 1996; Flores et al., 2002; 
Hernúndez et al., 2003). Using one of these mutants, 
PB 12, we have sho\Vn that some of the PEP, which is not 
consllmed for glucose transpon due to the lack of PTS, 
could be redirected into the aroma tic pathway, increas
ing the yield from glucose into the synthesis of 3-deoxy
D-arabino-heptulosonate-7-P (OAHP) (Gosset el al., 
1996; Búez et al., 2001) and t-phenylalanine (Báez
Viveros et al., 2004). The carbon flux distribution in 
these isogenic PTS+, PTS- and PTS-GIc+ strains has 
·been studied by biochemical analysis and nuclear 
magnetic resonance (NMR) spectroscopy. It was de
monstrated that carbon flux distribution \Vas modified 
a t various nodes and portions of the central carbon 
metabolism iI} the PTS - and PTS~Glc + strains as 

compared to the wild-type JM 101. This result c\early 
indicates that these PTS- strains adjusted their meta
bolic capacities due to the absence of the PTS. For 
example, at the Embden-Meyerhof pathway (EMP), 
the carbon flux of the first node increased lO 95% in the 
PBI2 PTS-Glc+ (GalPjGlk) strain as compared to the 
wild-type JM 101 (77%) and PBII PTS- (42%) parental 
strains (Flores et al., 2002). In agreement, it was also 
found that in PB 12 the specific activities of Glk and Pgi 
increased approximately two- and four-fold, ' respec~ 
tively, as compared with the wild-type strain JMIOI. As 
a result of these modiflcations, PB 12 grows faster than 
PB t 1 (~l of 0.42 vs 0.1 h -1) bllt slo\\"er than the wild-type 
slrain (p of 0.71 h- I

) (Flores el al., 2002) . 
Il seems lhat during the process utilized for the 

isolation of PB 12, at least t\Vo non-cotransdllcible 
11111lations \Vere selecled lo allo\\' this strain to consume 
glucose in lile absence of PTS at a much higher rnle than 
PBII (Flores, 1995; Flores el al., 1996). It has been 
rc:ported that E. coti strains can adapl their metabolism 
for higher growth rates on specinc c<lrbon SOllrces as a 
reslllt of spc:cillc llllltations (Raghunalhan and Palsson, 
2003). 'Ne are interested in identifying the l1111tations 
that werc selecled in PBI2 and the genes involved in the 
di tTerential utilization of glllcose, c¡¡rbon catabolism and 
olher mClabolic capacities presenl in these modified 
strains. In lhis contribl1tion, \Ve repOrl a transcriptol11e 
analysis llsing RT -PCR measurcmcnts ofmore than 100 
gcnes coding ror enzymcs tlhat participa te in the 
follo\Ving pathways ami processes: EMP, pentose path
wal', TCA cyele, glyoxylate shunt, anaplerotic enzymes, 
gll1coneogenesis, fermentation and respiration pro
ccssc:s, and the ga! operon. \Ve have also delermined 
lhe nllcleotidc seql1ences of 1 I genes (regulatory and 
coding regions) from the three strains, looking for the 
ml1lalions responsible for thc observed changes. 

2. i\'Iaterials and methods 

2./. Bacteria! strains, I'!(/slllid~, /IIedia alld grolrt/¡ 
conditions 

E. coli strains llsed in this \York are listed in Table 1. 
Slrain PBI2 \Vas obtained from PBII, a PTS- mutant 
derivative of E. coli JM 101 (Flores, 1995; Flores et al., 
1996). Ouplicate cultures for RNA isolation and 
enzymatic assays were grown on I L fermentors on M9 
medium \Vith 2 gjl of glucose, at 37 oC, 600 Lp.m. and 
air flow rate of 1 v.v.m., starting at an 00600 of 0.05 
and coUected when gro\Ving in the log phase at an 00600 

of l. 
For toluidine blue gro\Vth-sensitivity assays, cells \Vere 

grown on peptone-agar plates containing 0.2 mgjm'l of 
toluidine blue. Plasmid pBB31 that carríes the wild-type 



Table 1 
Bacterial strains used in this study 

Strains 

E. coli JMlOI 
E. coli PBII 
E. coli PB 12 
E. coli PBI21 
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Relevant characteristics 

F' IraD36 proA + proB+ lacl q lacZt.M 15/sllpE 1M t.(Iac-proAB) 
JM 101 t.(plsH, plsl, crr)::kall 
PBII,PTS-Glc+ 
PB12, pBB31 (arcB') 

Tabk 2 

3 

Source or reference 

Bolivar et al. (1977) 
Flores et al. (1996) 
Flores et al. (1996) 
This work 

arcB gene (Table 1) was utilized for complementation 
analysis (luchi and Lin, 1988, 1992). Prim~r seIS \lsed for RT -PCR assays, PCR amplificulion and 

sequcllcing 

2.2. RNA eXlraClion and cDNA sYlllhesis 

Total RNA extraction was performed using hot
phenol equilibrated with water. After ex,tractions, RNA 
was precipitated with 3 M sodium acet4te/ethanol and 
centrifllged 20,OOOg at 4 oc. SlIpernatant was discarded 
and the RNA reslIspended in water. RNA was treated 
with ONase kit (ONA-free™, Anlbion) and its 
concentration careflllly measured by densitometry in 
agarose gels and by 260/280 nm ratio absorbance. 
cONA was synthesized lIsing RevertAidT i\1 H Firsl 
Strand cONA Synthesis kit (Fermentas lnc.) and a 
mixture of specific ONA primers (Table 2). cONA was 
used as template for RT -PCR assays. Reprodllcibility or 
this procedure was determined by performing two 
separa te cONA synthesis experiments from the RNA 
extracted for each strain. Similar resul ts were obtained 
for the transcription of all the genes that were measured. 

2.3. Nucleolide sequcllcc delerlllinalion amI analysis of 
/l/glB, galP, galE, galS, galR, glk, pgi, crp, fruR, arcA 
al/d arcB gel/es 

Reglllatory (at least 200 base pairs (bp) located at the 
5' end and a t least 100 bp at the 3' end of the structllral 
gene) and coding regions of these genes were amplirled 
by PCR using a set of primers designed with the Clone 
Manager Programo Chromosomal ONA (lOO ng) from 
JM 10 1, PB 11 and PB 12 strains was used as template for 
amplification with the Elongase enzyme mix, according 
to the supplier's recommendations (Invitrogen lne.). 
PCR products were analyzed for expeeted size and 
purified t1sing a PCR purificatión kit (Marligen, 
BioSeience lne.). Nucleotide sequenees (data not shown) 
were determined from PCR templa tes by the method of 
Taq FS Oye Terminator Cycle FIllorescenee-Based 
Sequencing, with a Perkin-Elmer/Applied Biosystems 
Model 377-18 sequencer. 

2.4. Real-time PCR 

Real-time PCR (RT-PCR) was performed with the 
ABl Prism 7000,Sequence Detection System (Perkin-

Pathway, Primer 
process oc grollp na me 
of genes 

a. yal "~UlllolI 
yalE galEa 

galEb 
!falT gaITa 

galTb 
yalK galKa 

galKb 
!ful.l! gal\la 

g,dMb 
yalP galP" 

galPb 

!IalS galSa 
galSb 

!JaIR galRa 
galRb 

lIalU g"IU" 
galUb 

11/1118 mglDa 
mglllb 

1<111/ IJ l"mUa 
lamllb 

pym pgm<l 
pgmb 

b. Glycolysis 
ylk glka 

glkb 
py; pgia 

pgib 
p/kA pfh 

pfkb 
foaA fbaAa 

fb"Ab 
IpiA tpiAa 

tpiAb 
yapA gapAa 

gapAb 
pyk pgka 

pgkb 
gplllA gpmAa 

gpmAb 
ello enoa 

enoB 
pykA pykAa 

pykAb 
pykF pykFa 

pykFb 

Primer seqllcncc 

5'-AGCGCCAATTGCTACAACGT-)' 
5' -ACGGAAGCGGTTTTCA TCAA-)' 
5'-TGCCGAACAGAAATCACCAA-3' 
5' -GCACGACGGCT AACCAGTGT-3~ 
5' -GGCTGTAACTGCGGGA TCA T-)' 
5' -GAAACTGCTTTGGTCCCCAG-3' 
5' -CCA TT ACTTA TCGCGCCACA-3' 
5' -GTGA TTGCGCACGTCA G ACT -3' 
5' -CATGT A TT ACGCGCCGAAAA-3' 
5' -TGGCAAGTACGTTGGTCAGG-3' 
5' -AGGTT AGCGACACCA TTGGC-3' 
5'-TTTCTGATGCTGCTGAGCGA-3' 
5'-CAGCAAGGTCATACCCGCAT-3' 
5' -CCACTTTCAGCAAGGGCA TC-)' 
5' -AAAGGGAAGAGCCA TGACTGC-)' 
5' -CAGGCTTT AAA TTCCGTGCC~)" . 
5' -CCAGCA TGTT A TTCGGTGCC-3' 
5' -AGCCTIGCGCACT ACAGACA-3' 
5' -AACTTCCTCTGGCGGTTGC-)' 
5' -ACCTGTCCAACCAA TACCGG-3' 
5' -GTA TCTCCCTCGACGAAGCG-3' 
5' -CGCGGCCA TA TCAACGA T A T-J' 

5' -GAAGCGGTCA TTCGCGTTTA-3' 
5' -GTCA TCGCCACCCAGTCAC-3' 
5' -A CT AACGGTCAGCACGCGTT -3' 
5'-TCAGAGAGCGGGTT ATGGGT-)' 
5' -CCA TGTAGGAACCGTCACCG-3' 
5' -GTTGGCGGA TGAAAA TGTCC-3' 
5' -GGAAA TCGAACTGGGTTGCA-3' 
5' -CGTAATCAACGTCTTCCGGC-3' 
5'-AACTCCGGCTCAGGCACAG-3' 
5' -AGCCGCCGTACTGAA TGA TC-3' 
5' -GGCTCCGCTGGCT AAAGTT A-3' 
5' -GGCCATCAACGGTTTTCTGA-3' 
5' -AGA TT ACCTCGACGGCGTTG-3' • 
5' -TGGACAGGGTITCGTCGTCT -3' 
5' -AGGCGTAAGCGAAGCAAAAG-)' 
5' -GGGT A TGGA T AGCGCGTTTC-)' 
5' -GTITCGTCGGTA TGGCA GCT -)' 
5' -Gccrrr ACCCAGGAAACGG-3' 
5'-CGTT ACCACGTT AGGCCCAG-3' 
5' -GCGAGCCGTGAGAAAAGriC-3' 
5' -TGTCTGGTGAA TCCGCAAAA-3' 
5' -CTCGAGACGGCTGTTCA TCA-3' 
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Table 2 (conlinued) Table 2 (colllillued) 

Pathway, Primer Primer sequenee Pathway, Primer Primer sequenee 
proeess or group name proeess or group name 
of genes of genes 

aceE aeeEa 5':,CGTGAAGAAGGTGTTGAGCG-3' sdll" sdhAa 5'-GACACCGTGAAAGGGTCGG-3' 
aeeEb 5' -TIGCTGA TACCTGTGCCTGC-3' sdhAb 5' -AGGCCCA TGTGTTCGAGTTC-3' 

aceF aeeFa 5' -GTCGTA TCCTGCGCGAAGAC-3' .'OdllB sdhBa 5' -TGAACGGCAAGAA TGGTCTG-3' 
aeeFb 5' -CAGCA TGCCAGGGA TACCAC-3' sdhBb 5' -GA TCACCGGTAAACCTGGCA-3' 

Ipd Ipoa 5' -GGTGGTGCGA TTGTCGGT AC-3' sd/¡C sdhCa 5' -TGGCGTATCACGTCGTCGTA-3' 
Ipdb 5' ,TGGA TGGTCAGTGCGA TGTC-3' sdhCb. 5' -AAAGGAGA TTTTGGCGGAGC-3' 

sdllD sdhDa 5' -GA TCGGTTTCTTCGCCTCTG-3' 
c. Pl!ltlose sdhDb 5' -CGGTCAACACCTGCCACA T-3' 
pal/lln/y filmA fumAa 5' -A TGTCGA TCAACTGCAAGCG-3' 
:11/ zwfa 5' -GCACGCGTAGTCA TGGAGAA-3' fumAb 5' -GAAGCCGCCGTGTITITTAC-3' 

zwlb 5' -CGGTAAACCTGGCACTCCTC-J fl/mB fumDa 5' -GTACCCTCGGTACTGCAGCC-3' 
ylld gnda 5' -GA TCGGCGTAGTCGGTA TGG-3 ' fumDb 5' -AGCGCTTGCTAACTTGACGG-3' 

gndb 5' -TCTTCTCACGGGAACGGTTG-3' fl/llle' fumCn 5' -CCCT AACGACGACGTGAACA-3' 
rpe rpea 5' -GCCAA TGGTGCTGAAA TCCT-3' fumCb 5' -GA GGAA TGAGTTGCTTGCGC-3' 

rpeb 5' -CAGCGAAA TCAGGCACAA TG-3' md/¡ moha 5' -CGGGTCTGC AACCCTGTCT A-3' 
rpi .,' rpiAa 5' -GA TGGGCGGCACTTCAGTA T -3' mdhb 5' -CGTAGGCACA TTCGACAACG-3' 

rpiAb 5' -GCCTTTCA TTGT ACCGAGCG-3' 
l'/,i/1 rpiDa 5' -GAGAGGTTGA TGGCGGGA TT-3 ' e. Anaplel'Ulic 

rpiBb 5' -AGGTTCGCT ACAG.-\CGACCG-3' !/(.'I/('j' 

IklA IklAa 5' -AGTCCTGTGGCGTG.-\ TTTCC-3' J}/aefJ maeHa 5' -TGGTTTGCGA TTCAAAAGGC-3' 

IklAh 5' -AGA TCAGCA TGG.-\GCCGTG-3' m;leDb 5' -GAGGGTACGTTTGCCGTC A T-3' 

IklB tkllla 5' -CCCGAAAAGACCTTGCCAAT-3' sfeA sfcAa 5' -A TAAAGGCAGTGCCTTCAGCA-3' 

IklBb 5' -AA TA TCAGCCA TGCCCA TCG-J sfeAh 5' -TGCTCGTTCCGCTTGTTCTT-3' 

talA lalAa 5' -CTCAAAA TCGT ACCCGGTCG-3 ' mdll mdha 5' -CGGGTCTGCAACCCTGTCTA-3' 

lalAh 5'-TACAAGTCCACCAGA TGGCG-3' Illdhb 5'-CGTAGGCACATTCGACAACG-3' 
¡,d II lalDa 5' -ACCGT AGTGGCCGACACTG-3' 1'11;' ppsa 5' -TC AGCAGGAAACCTTCCTCAA-3' 

lalllb 5' -GGAA TCTGCGCTGCG TT AAG-3' ppsh S' -GA TAAGAGA TGGCGCGATCG-3' 

,'¡fa e<1;w 5' -A TCCGTGCTA TCGCCAAAGA-3' pckA pckAa 5' -ACA TGTTT A TTCGCCCGAGC-3' 

edab 5'-AACTGTGCACCCGCTTCAGT-3' pckAh 5' -CTGTTCTTTCCACTGCGGGT -3' 

"dd cdda 5' -GT ACCGCTGATGGCACGTCT-3' ppc ppe:l 5' -CAGAAA TCACCGTCAGCAGC-3' 

cddb 5' -GCTTTGAGCAGTTCACGCAC-3' ppch 5' -CA TAA TGCGACGCCAGCTCT-3' 

d, TeA cyclr ({I/(/ f GluCUIIL'uuclu:sis 
y/yu.\y/ule .'011111'1 !l1'1Il1J gplllDa 5' -GGTA TTGCACTGGGA TGCCT-3' 
// /1 ;/ gllAa 5' -AGGCACGCTGGGTCAAGA T-3 ' gpmBh 5'-TAATCCACGCGCGAAATAGA-3' 

ghAb 5' -T AGA TTCGCAGGA TGCGGTT-)' I/ape-I gapC-la 5' -CAACGACACCA TTGTTTCCG-3' 
({éllA a~nAa 5' -TGGCTTCTTCCCAA TCGA TG-3' gapC-1 b 5'-TC A TCGTGCCGACTTCT A TCC-3' 

aenAb 5' -CCTGCGCTTTGGCA TA TTTT-3' I/({pe-:! gapCa-2a 5' -A TC A TTGGC AGCCA TTTCG-3' 
{IcuB aenlla 5' -CCTGGTGTTGTTGGTCCGA T-3' gapCb-2b 5'-TTATCGTACCAGGCGACCGT-3' 

aenDb 5' -TT ACGCGAAGAACCCGT ACC-3' /ba8 fbaDa 5'-GTACAACACCGGGCGTCTG·3' 
({n'A aeeAa 5'-ACATGGGCGGCAAAGTTTTA-3' fballb 5' -GCGGGTT AGCAGCAAA TGAA-3' 

aeeAb 5' -AA CCAGCAGGGTTGGAACG-3' ,,/JlX glpXa 5' -CT AAACCACGCCACGA TGC-3' 
({crB aeeBa 5'-GAACTGGCTTTCACAAGGCC-J glpXb 5' -ACAGGTGAGAA TTGAGGCCG-3' 

aeeDb 5' -TGTGGCGT AAAA TGCGTCAC-3' flJp fbpa 5' -AAACAGGTTGCGGCAGGTT A-3' 
({ce" aceKa 5' -GCGTT A TCAGCGACCT ACCG-3' fbpb 5' -CCGAGCGAAGGATCGTAAGT-3' 

aeeKb 5' -GTTGTCTGTCCCCAGCGTTT-3' pJk8 pfkDa 5' -GTTGGCGGA TGAAAA TGTCC-3' 
I/lcB gleDa 5' -CTCCA GCACAGTTTGTCGGTT-3 ' pfkllb 5' -AACGA TACTGCTCACCGCTTG-3' 

glcBb 5' -A TTGGCA TCGA TTTGCAGCT -3' 
y/cC gleCa 5' -TCGCCCT A TITGCGAAGiG-3' 

gleCb 5'-CACACAGTCGACGTTCCGAG-3' y. Rc~pir{l/ioJ/ 

icdA iedAa 5' -GACCGAAGCGGCTGACiTAA-3' nlloA nuoAa 5' -CTGGTGGCCA TGTTCTTCGT-3' 
iedAb 5' -GCAG1TTAGCGCCA TCCA TC-3' nuoAb 5' -GCITCCACAAAGCCT ACCCA-3' 

SI/cA sueAa 5' -GCGGCAAAGAAACCA TGAAA-3' nlloF nuoFa 5' -TA TCCGTACTCCCGAAACGC-3' 
sueAb 5' -TTCGGTClCTGGTAA TGTGCA-3' nuoFb 5' -CGCCTTCGTAACCGTTTITG-3' 

sI/cE sueBa 5' -GCAGTACGGTGAAGCGTTTG-3' nI/oH nuoNa 5' -TGTCGCGTTGGGT AAAAACC-3' 
sueBb 5' -CTTCCGGGTAACGTTTCAGG-3' nuoNb 5'-GAGAGAGTiTGAAGCCGAGGC-3' 

ItIp Idpa 5' -GGTGGTGCGA TTGTCGGTAC-3' nd/¡ ndha 5'·GTCGATCGTAAGCACAGCCA-3: 
Idpb 5' -TGGA TGGTCAGTGCGA TGTC-3' ndhb 5' -GCA TGGGCCAGA TAGCTCAA-3' 

Sl/cC sueCa 5' -CCAAAA TCTTCA TGGGCCTG-3' sdlrA sdhAa 5' -GACACCGTGAAAGGGTCGG-), 
sueCb 5' -GCAAA TCAGATCGCCCTGii-3' sdhAb 5' -AGGCCCA TGTGTTCGAGTTC-3' 

sucD sueDa 5' -TGGGTT ACA TCGCTGGTGTG-), sdlr8 sdhBa 5' -TGAACGGCAAGAA TGGTCTG-3' 
sueDb 5'-AGCGAA TTTCTCATCCGCAG-3' sdhDb 5' -GA TCACCGGT AAACCTGGCA-3' 
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Table 2 (col/tillued) Table 2 (COlltil/lld) 

Palhway, Primer Primer sequenee Pl¡lhwuy, Primer Primer sequence 
proeess or group name 
of genes 

sd"C sdhCa 
sdhCb 

sdhD sdhDa 
sdhDb 

IIbiE ubiEa 
ubiEb 

fr"..! frdAa 
frdAb 

frdB frdBa 
frdBb 

frdC frdCa 
frdCb 

frtlD frdDa 
frdDb 

llapA napAa 
napAb 

lIarG narGa 
n;HGb 

cyoA cyoAa 
eyoAb 

cyoB eyoBa 
eyoBb 

cyuC eyoCa 
cyoCb 

cyuD eyoDa 
eyoDb 

h. F~"'I<'I/talivll 

amlllc('/{I/C 
/'r"dllclion {Iml 
IIliJi:(I(ioll !l('nes 

"'"A IdhAa 
IdhAb 

/,1<1 pla" 
pIOlO 

{IckA aekAa 
nckAb 

{IdhE adhEa 
adhEb 

posB poxBa 
poxBb 

i. RI'!llIlalUrs 
('ya..! cyaAa 

eyaAb 
crp erpa 

erpb 
f/"/lR frllRa 

frllRb 
arcA arcAa 

arcAb 
arcB arcBa 

arcBb 
/11lc mica 

mlcb 
¡IIfA ihfAa 

ihfAo 
i"fB ihm3 

ihmb 
ic/R iclRa 

iclRb 

5' -TGGCGT ATCACGTCGTCGT A-3' 
5' -AAAGGAGA TTTTGGCGGAGC-3' 
S' -GA TCGGTTICTTCGCCTCfG-3' 
5'-CGGTCAACACCfGCCACAT-3' 
5' -GGCAGAA TCCATCCGTATGC-3' 
5' -CCCCfGCCGTCAGA TTGTAG-)' 
5' -TCTCfCAGGCCTICTGGCAC-3' 
5'-TITTIlCfCGCCGAGGTGAC-3' 
5'-TIGAGGTGGTGCGCfATAACC-3' 
5'-GCCCAGCGCATCCAGTAAT-3' 
S' -ACCGAAAG~GGCCAA T ATC-3' 
5' -GGA TI ACGA TGGTGGCAACC-3' 
5' -TGGTCGCGT Á TTCCfGTICC-3' 
5' -CCGCAGGTACGTGGA TTTTC-)' 
5' -GA TGGGCTGCT A TGACGACA-3' 
5'-GGTIAGTGATQCGCGACCA-3' 
5' -CGA TI A TCCGGCGACTT ACG-3' 
S'-TCTCGCTCTGGGTGTICCAG-)' 
S' -GGCA TIGCf A~CGTGAATGA-3' 

S'-AGACGCGGAATGAAGAAGGA-3' 
5' -CfGACCTCCGTCGACCAT AAA-3' 
5' -TGGCT ACGCA TCATAA TGGC-3' 
5'-CACGGTCTGCACGTCACTTC-)' 
5' -CACA TGA TGCGGGTACGGT-), 
5' -CCTGGCAA TGGCAGTGGT AC-3' 
S' -TGAAGACAAACGCCGTCATG-)' 

5' -GGCGTGA TGATCGTCAATACC-3' 
5' -ACGTCCA TACCCAACGAACC-3' 
5' -ACAA TGTTGA TCCGGCGAAO-3' 
5'-CATATCGATCGCACGAQTCO-3' 
S' -CTGGTfCfGAACfGCGGT AGTTC-J 
5' -GGCAGGTGGAAACATTCGG-3' 
5' -AA GTCCCTGTGTGCTTTCGG-J 
5' -TOCAGAGCCfGACCATCAGA-3' 
5' -AAAAGCCGATCGCAAGTITC-3' 
S'-GGTGAATGGcTtTCfCOCTC-3' 

5'-AGeGCCAATIGCTACAACGT-)' 
5' -ACGGAA GCGGTTTTCA TCAA-)' 
5' -ACCCGTCAGGAAA TIGGTCA-)' 
5' -TI ACCGTGTGCGGAGATCAG-3' 
5' -TCTTGTGATCCCCGA TCfGG-3' 
5' -AGCAGGCAA TCAGCA GTIGA-3' 
5' -A TCACCAAACCGTICAACCC-3' 
5' -ACGCf ACGACGTICTTCGCT-3' 
5' -AA TCTGACGGCGCAGGATAA-3' 
5' -TGACCCAGCTGTIGCAGA TG-3' 
5' -GGTCCAGTcTCOCGTA TCGA-3' 
5' -TCTTGCACCAGGTGTGCTTC-3' 
5' -GGCGAACAGGTGAAACfCTCfG-3' 
5' -GTAATGGGAATA TCCTCGCCC-3' 
5' -GCCAAGACGGTIGAAGA TGC-3' 
5' -GAGAAACTGCCGAAACCGC-3' 
5' -CTTI ATGGTCGGCAGCAGCT-3' 
5' -A TIGACCGTTTCGCCAGACT-Y 

proeess or grollp name 
of genes 

fatlR 

rpoS 

fadRa 
fadRb 
rpoSa 
rpoSb 

5' -CGCfGGGCTTCf ACCACAAA-3' 
5' -AA TCfCGCCACTCTCATGCC-Y 
5'-GGACGCGACTCAGCTTTACC-3' 
5' -CGACA TCfCCACGCAGTGC-3' 

ElmerjApplied Biosystems) t1sing the SYBR Green PCR 
Master Mix (Perkin-ElmerjApplied Biosystems). Am
plification conditions were 10 min at 95 oC, and a two
step cycle al 95°C for 15s and 60 cC for 60s for a total 
of 40 cycles. The primers for specific amplification 
(Table 2) were designed llsing the Primer Express 
software (PE Applied Biosystems). Toe size of al!. 
amplimers was 101 bp, The final primer concentration, 
in a total volume of 15 ¡.tI, was 0.2 ~IM. Five nanograms 
of target cONA ror each gene was added to the reaction 
mixture . AH experiments were performed in triplicate for 
each gene or each strain, obtaining very similar values 
(dirrerences or less than 0.3 SO). A non-templa te control 
n:action mixture was included for each gene. The 
qllantific:\tion techniqlle lIsed to analyze data was the 
2-MCT melhod described by Livak and Shmittgen 
(200 1), and Ihe results were plotted . 

Thc data were normalized lIsing the ¡IÚB gene as an 
internal control (hollsekeeping gene) . \Ve detecled the 
same expression level or this gene in all the strains in 
the conditions in which the bacteria were grown. For 
each analyzed gene in all strains the transcription level 
or the wild-type gene, considered as one, was used as lhe 

. control ' to normalize the data . Thererore, data are 
reported as relative expression le veis, compared to the 
expression level or JMIOI. Results presented in Table 3 
and in Figs. 1-3 are the averages or rour independent 
measurements of the RT -PCR expression values for 
each gene. Halr ot the values were obtained from two 
dirferent cONAs generated from otle fermentation and 
the other t\Vo from another identical rermentation , The 
RT -PCR expression values obtained for each gene differ 
less than 30% . 

3. Results and discussion 

The key to understanding the PTS- Glc + mutan't 
phenotype is to diITerentiate the phenotypes caused by 
the deletion of the ptsIHcrr operon in the PTS- PBII 
strain from the ones selected in the PTS-GIc+ PBI2 
strain. Therefore, the results are presented and discussed 
in a comparative approach, where the relative RT :-PCR 
transcription valueS of 104 genes from the JM I b i 
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Table 3 Table 3 (conlilll/ed) 
Relalive Iranscriplion levels delermined by RT -PCR of several groups 
of genes from slrains JMIOI, PDII and PBI2 Palhway, process or Expression Ievcls as 2-MC, wilh JM 101 as 

group of genes normalizing value 
Palhway, process or Expression levels as r,uc, wilh JM 101 as 
group of genes norf(lalizing value PBII PBI2 

PBII · PBI2 sdhB 0.8±O.043 1.7 ±0.027 
sdhC l.3±o.ln 2.1 ±0.593 

a. gal regl/lulI sdhD 0.9±0.017 1.8±0.052 
galE 3S.8±6.864 46.6±6.506 fl/IIIA 3.HO.675 3.6±0.673 
galT 35.6±2.376 4:! . 5± 3.995 fl/IIIB 0.8±0.705 0.HO.365 
galK 39.0±2.376 4S.2±3.995 filllIC· 4·HO.989 3.5± 1.482 
gtll.\! S.I ±3.9-16 3.HO.692 nrdh 1.2±0.141 1.8±0.520 
galP 12.4± 1.086 l3. 1 ± I.S67 e. Allaplerulic f}elles 
g,,15 4.9±0.477 3.2±0.526 maeB L2±0.201 2.5±0032 (lIIIR 3.HO.199 1.2±0.472 sfcA 1.9±0.332 I.HO.IOO 
!JalU l.7 ±0.309 2. \ ± 0.366 ",tlIz 1.2±0.141 I.S±0.520 
mlllB 13.4±0.09S 9.0± 1.606 pps.1 3·HO.216 2.4±0.On 
lamB" 17.6±0.374 0.9±0.019 pckA 0.8±0.068 2,3 ±0.026 
pum· I.HO.31O ¡ 2.HO.458 ppc 0.6±0.059 0.8±0.009 

b. Glyeulysis f GIl/eulleUIl(!Il(·.Ii.~ 
!Jlk 1.0 ±0.03:! 2.2±0.103 IJUH! B 1.2±0:201 2.5±0.032 
piJi 1.0±0.OSO ,6.6±0.282 sfcA 1.9±0,332 l.7±0.100 
pjkA 0.3±0.040 0.5±0.012 m"Iz 1.2±0.141 1.8±0.520 
jb/lA 0.9 ± 0.0-16 1. 1 ±0.052 ppsA 3.7±0.216 2.4 ± 0.092 
Il'iA 0.5±0.03.) 1.8±0.029 pekA 0.8±O.068 2.3 ±0.026 
!lapA 0.4±0.151 I.HO.214 ppe 0.6±0.059 0.8±0.009 
PUl. O.HO.OOI 1.2 ±0.060 ello 0.5±0. 169 0.5±0.146 
IlPIllA 0.9±0.007 1.8±0.039 gpmA 0.9±0.OO7 1.8±0.039 
ello 0.5±0.\69 0.5±0.146 !IP/IIIJ 1.5±0.227 2.HO.357 
pykA 0.4 ±0.002 1.0 ± 0.0-15 poI. O.HO.OOI 1.2 ± 0.060 
pykF 0.8±0.010 0.9±0.001 llapA 0.4±0.151 l.7±0.214 
/lceE 0.4 ±0.025 1.4 ±0.0:!3 IJllpC-1 6.7±0. IOS 3.1 ±0.091 
/lceF 0.6 ±0.022 1.2±0.004 IlIIPC-! 3.9±0.193 3.2±0.015 
Ipd 1.I±0.107 2.0±0.12S foaB 10.6± 1.137 4.9±0.858 

jhllA 0.9±0.O-l6 1.1 ±0.052 
L'. Pelllose plll/llm)' jbr 2.4±0.751 2.8 ±0.138 
=lIj 0.7±0.O63 1.9±0.175 pjklJ 1.2±0.224 1.9 ±0.205 
!Jlul 0.8±0.1I0 1.2±0.069 p.'Ji 1.0±0.080 6.6 ±0.282 
rl'e O HO.092 O.9±O.O-16 
rpiA 0.6±O.00O 1.6±O.150 !J. Rl'spiraliull 
IpilJ 1.4±0.307 1.9 ±O 291 "'wA 0.4±0.007 2.4±0. 11 2 
IklA 0.5±O.O50 2.4±O.114 lll/uF OHO.117 1.4±0.109 
IklIJ 11.6±O.22S 5.7±0.122 lluolV 0.4±0.021 1.0±0.084 
lalA 10.6± 1.924 5.1±0.732 mllz 0.6 ±0.036 1.1 ±0.076 
lalB 1.1±0.061 1.6±0.002 se/hA 0.SiO.004 2.0±0.278 
edil 0.5±0.038 1.2 ± 0.047 se/IzB 0.8±0.043 I.HO.027 
ede/ 0.HO.02-1 0 . 5±0. 0~8 sdflC l.3±0.112 2.1 ±0.593 

ti. TCA "J'de 1111.1 
sdlzD 0.9±0017 1.8 ±0.052 
ubiE OA±0.013 1.6±0.015 !Jlyuxyllllc slllllll 
frdA 0.2±0.009 0.6±0.035 gllA 0.8±0.083 1.3 ±0.171 frdH 0.1 ±0.009 0.7±0.045 amA· 5.2±0.594 5.HO.232 frdC 0.HO.030 O.HO.OIO 

aellB I.HO.364 l.7 ±0.422 frdD 0.2±0.049 0.SiO.063 
aceB 15.6±2.519 3.HO.308 l/apA 0.1 ±0.010 0.9±0.132 
l/ceA 11.9± 1.248 1.9±0.225 llarG 0.2±0.043 1.2±0.113 
aceK 5.5 ±0.774 1.9±0.255 cydIJ 0.4±0.030 0.9±0.039 
gh'IJ IU± 1.417 3.7±0.477 cyoA 0.6±OO15 U±0.071 
glcC· 3.6±0.299 6.9±O.134 c)'uB 0.HO.035 1.4±0.140 
icdA 1.0±0.103 1.9 ±0.003 cyoC O.HO.OII 1.2±0.160 
sllcA 1.4±0.099 J.7 ±0.068 cyoD 0.3±0.029 1.1 ±0.092 
Sl/cB 0.8±0.035 1.4±0.086 
ltIp 1.1 ±0.107 2.0±0.128 h. Ferlllelllalioll alld 
Sl/cC 0.9±0.072 1.6±0.026 aCelale prodl/crion 
sl/cD 1.0±0.213 1.4±0.302 amI "Iili:alioll genes 
sclhA 0.9 ±0.004 2.0±0.278 IdltA 0.6±0.019 1.1 ±0.244 
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Table 3 (continued) 

Pathway, proeess or 
grollp 01' genes 

pla 
tlekA 
{ulhE 

poxE 
i/es 
)jcG (i/el?) 

i. ReiJ/llalOrs 
("yaA 

nI' 
jmR 
lIreA 
arcE 
filie 
ilifA 
illjB 
iclR 
jilllR 
rpoS 

Expression levels as 2-MC, with lMIOl as 

normalizing value 

PBI~ PB12 

0.7±0.129 1.5±0.329 
0.4±"0.121 0.HO.013 
0.6±0.079 0.9±0.041 
4.2±0.353 5.7±0.485 
5.6±0.745 8.0±0.136 
5.1 ±0.455 7.2±0.219 

1.4±0.063 1.8 ± 0.098 
0.8±0.020 1.0 ± 0.053 
1.3±0.002 1.5 ±0.074 
1.2±0.020 1.3±0.094 
2.3±0.707 1.3 ±O. 722 
1.1 ± 0.003 ,1.7 ±0.061 
1.8±0.045 (,1.7±0060 
1.0 ±O.OOO ·I,.O±O.OOO 

0.4±0.035 1.4 ±0.075 
0.6±0.031 ,1.6±O.082 
2.9±0.086 2.2±0.156 

This table shows the relative transeription levels 01' the different groups 

01' genes involved in different pathways and proeesses. For eaeh gene in 
all strains, the transeription level 01' the gene for the wild-type strain 
\Vas lIscd as the control to nonnalize the dala using the wild-type 
RT-PCR value for that gene as one. Thereforc, data in this tabk ,llld' 
in Figs. 2 ami 3 are reponed as rdative expression Icvels, compared to 
the expression leve! of JM 101. The results me thc averages 01' four 
indepcndent measurements 01' the RT -PCR expression values for each 
gene. Two 01' the values were obtained from one fermentation and the 
two others from an independent fermentation grown on identical 

conditions for each strain. The RT -PCR cxpression values obtaincd 
for cach gene differ between them in most 01' the genes by less than 

30% (see Materials and methods for a more detailed explanation). 
Genes marked with an asterisk are not part of the speciflc pathway or 

regulon, but are included beeausc their products are re!ated to the 
enzymes coded by the speeilk group 01' genes, or for comparative 

purposes; sec text and figure legends for detailcd e.xplanations. 

wild-type strain are compared with PTS- and 
PTS-Glc+ strains. These analyzed genes inc\ude the 
ya! regulon that is responsible for glucose transpon in 
PTS- strains and genes involved in various functions in 
different sections of the central carbon metabolism. 

3. J. G/ueose transpon alld phosphory!atioll in PTS
strains 

Wild-type E. eo!i strains growing on micromolar 
concentrations of glllcose synthesize galactose and 
maltodextrines as autoinducers that derepress the 
synthesis of the high-affinity glucose transport systems 
MglB and the LamB maltoporin, which are responsible 
for glucose transport under these conditions. Other 
genes indllced in these conditions inc\llde the ya!ETK 
operon (Death and Ferenci, 1994; Ferenci, 2001). 
Recently, the an,~lysis of gene expression in wild-type 

E. eoti inrespollse to a shift from glucose non-limiting to 
glucose-limiting growth conditions (¡.¡=O.I h- I

) in che
mostat cultures demonstrated that in these conditions, 
severa l genes inc\uding my!B (lO-fold) and !alllB (20-
fold) , as well as aeeA, the aes operon (aes, yjeG), and 
fumA are upregulated (HlIa et al., 2004). 

A culture of PBII PTS- strain grows very slowly in 
minimal medium containing a relatively high concentra
tion of glucose (2 gI l) as the sole carbon source. 
Therefore, it can be expected that this strain senses very 
low concentration of internal glucose or glllcose-6-P. In 
order to determine if this physiological condition leads 
to the induction of high-affinity and/or alternative 
glucose transpon systems, the relative transcription 
levels of genes related to this response were determinecl 
in PTS- strains and in JM 10 L As shown in Table 3a, 
PI311 llpregulates the transcription of my!B (l3-fold) 
and !alllB (17.6-fold) as compared to the wild-type 
J M 101 strain. This strain also induces ot11er genes of the 
ya! regulon like ya!P (12A-rold). ya!S (4.9-fold), gafE 
(38.8-fo ld), ya!T (35.6-fold) and ya!K (39-fold). From 
these results it can be inferred that in this growing 
condition, PBII induces the synthesis of gal,'ctose asan 
autoinducer of the ga! regulon. This in turn ShOllld 
inactivate GalS and GaIR, the repressors 01' the ya! 
regulon (Geanacopoulos <tnd Adltya, 1997), resulting in 
the induction of all the ya! reglllon genes, and thus 
permitting the internalization or glucose thi"ough 'the 
galactose transporters (Ferenci, 2001). ' "" 

Thesc results indicate that PBII may utilize e'ither 
MglI3 and/or GalP foI' glucose transport throughihe 
cytoplasmic membrane into the cytosol, in these 
growing conditions. l-Iowever, the slow growth on 
glucose indicates that this strain is incapable' of 
phosphorylating all the incoming glucose with the 
amount of Glk activity present in this PTS- strain 
(Fig. 1) (Curtis and Epstein, 1975; Flores eta\., 2002). 

Strain PBI2 is a PBll-derived mutant that has 
recovered the capacity to grow fast in glucose. This 
can be explained by the fact that y!k is transcribed at a 
higher level (t\Vo-fold) in PBI2 than in the wild-type and 
PBII strains (Table :lb). Therefore, the procluct of this 
upregulatecl gene, whose specific activity is also in
creased (two-fold) in PBI2 (Flores et al., 2002), allows a 
higher clegree of glucose phosphorylation of the 
transported glucose in PB 12 than in PB 11. PB 12 that 
does not carry any mutation in the ya! reglllon genes 
(clata not shown) uses GalP for transporting giLlco~e 
(Flores et al., 1996; Flores et al., 2002). Concurrentry, i~ 
this strain the ya!P transcriptlevel is 12A-fold higher 
than the wilcl-type. Hence, glllcose can be trarisported 
by GalP and phosphorylated at a higher rate by Glki~ 
PBI2 than in PB11, thus allowing a high growth rate: 

Differences in growth capacities between these strains 
cOllld also be related to the availability of reglllatory 
molecules like cAMPo CRP-cAMP plays an important 
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Fig. 1. Cenlral mclabolic routes. Central metabolic roules showing kcy melaboliles and thc genes involved in their transformation. RT-PCR vallles 
of lhose uprcglllaled genes (1.7-fold or higher) are shawn clase to the gene in parenthcsis for PI312 and underlined in parenthesis for PI3II; see Table 
3 for the complele set of RT-PCR valucs. The abbrcviations are as follows: glucose (GLC), glucose-6-phosphatc (G6P), frllctosc-6-phosphate (F6P), 
fructose-I,6-phosphatc (F I ,6P), dihydro:<y-acetone phosphate (DHAP). glyceraldehydc-3-phosphate (G3P), glyceraldehyde-I ,3-phosphate (G I ,3P), 
3-phosphoglyccrate (3PG), 2-phosphoglycerate (2PG), phosphoenolpyruvatc (PEP), pyruvatc (PYR), acetyl-CoA (AcCoA), acetyl phosphate (Ac-P),' 
acetyl-AMP (A-AMP), citrate (CIT), isocitrate (ICT), glyoxylate (Go:<), cx-ketoglutarate (~-KG), succinyl-coenzyme A (SUC-CoA), succinate (SUC), 
fumarate (FU M), mala te (MAL), oxaloacctate (OAA), 6-phosphogluconolactone (6PGNL), 6-phosphogluconate (6PGNT), ribulose-5-phosphatc 
(RU5P), ribose-5-phosphate (R5P), xylulose-5-phosphate (X5P), seudoheptulose-7-phosphate (S7P), erythrose-4-phosphate (E4P), 2-keto-3-deoxy-6-
phosphogluconate (KDPGNT), 3-deoxY-D-arabino-heptulosonate-7-phosphate (DAHP). 

role In transcription activation of rnost of the gal 
regulon genes arnong others, and it is known that a 
deletion of the Clp gene cornpletely inactivates the 
expression of the galETK operon and the galS gene 

(Weickert and Adhya, 1993; Geanacopoulos and 
Adhya, 1997). It has also been reported that sorne 
E. coli strains carrying a deletion of the PTS- operon 
produce less cAMP than the wild-type strains (Levy 
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Fig. 2. Relative transcription exprcssion valucs 01' ~enes that code for the cnzymes 01' the TCA cycle and the glyo~ylate shunt. This figure and Tahk 
3d prescnt the rdati\'c transcription valu~s 01' 20 genes coding for ellzymes illvolved ill the TCA cycle and in the glyoxylate palhway in these slrains, 
ns \\'ell as lhe gelles coding for {/CIIA , ji/lllC and g/e,B. It is impOrlanl lO rcmcmber lhal for aconitase as \\'ell as fllmamsc. lhere are l\\'O major aerobie 
enzymes Acnll and FumA, whose lranscriplional reglllalion is lypical ofTCA enzym~s, wher~as lhe ellzymcs ACIlA alld FumC are adapled for slress· 
rclaled respons~s and are regubled by RpoS; neverlhcless, alllhese fOllr genes as \Vell as all lhe TCA cyck and lhe glyoxylatc genes are reglllated by 
ArcA (Cllnllingh :lm el al.. 1997). See Sections 3.4 and 3.6 for delaikd cxplanalion. 
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Fig.3. Relative lranscripl ion exp ression vallles of genes involvcd in glllconeogenesis. This figure and Tahk 31' present lhe comparative exprcssion of 
gcnes whose prod llclS have becn involvcd in gluconcogenesis. The transeription valucs 01' /lid/¡, lI/oeB, slcA, pckA, ppc and ppsA h.lVC been presenlcd 
in Table 3.:, whiie lhe exprcssion of all these genes and also ella, gpmA, pgkA,jba and pgi are shown in Table 3b. Table 31' and this figure include the 
expression of gpmB, gopC" gopC2 , jbaB,jbp andpfkB. Il is kno\\'n that certain genes likcpfkB,jbp,jbaB, andppsA are involved in gluconeogenesis, 
beca use their inactivation inhibits the growth of the cell in glllconeogenic sllbstrates carrying the mutation (Frankel, 1996). No function has been 
assigned for gplllB, gClpC, and gapC2, whose ex.pression is also upregulated. These last genes have bcen included in the figure becuuse they could 
participate in gluconeogenesis in these strains. See Sections 3.4, 3.5 and 3.7 for explanation. 

et al., 1990). Nevertheless, the reslllts obtained here 
indicate that these PTS- ' strains ShOllld have enough 
CRP-cAMP to activate those genes that reqllire it, like 
gaIETK, galS (Table 3a) and others, like the TeA genes 
(see Section 3.6) . This is supported by the facts that in 
PB 11 and PB 12, t~e transcription level of the Clp gene is 

similar to the one present in the wild-type strain JMI0l 
and the transcription of cyaA, encoding for the 
adenylate cyclase, is slightly upregulated in PTS- strains 
(Table 3i). These results indicate that in the absence of 
the HA Glc component of PTS that is involved in the 
activation of adenylate cyclase (Postma et al., 1996), 
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there might be other enzymes that could perform this 
activation in these strains, if it is indeed required. 

3.2. Glucose-6-P calabolism inlo pynll'ale (PYR) 

Analysis of carbon '. f1uxes and RT -PCR values 
indicate that PB 11 and "PB 12 have different metabolic 
capacities that enable them to metabolize glucose (and 
other molecules, Section 3.6) as carbon source. As 
mentioned, PTS- strains require Glk to phosphorylate 
glucose (Curtis and' Epstein, 1975; Flores et al., 2002). 
PB 11 that has a relatively lowglycolytic flux (42%) 
in the first step of the EM pathway as compared to 
the wild-type (77%) and PBI2 (95%) transports glucose 
at a very slow rate and uses both [he pentose and 
the glycolytic pathways to catabolize glucose-6-P in 
similar proportions. However, PB 12 reaained a relative 
rapid growth on glucose ÜL=0.42h-I}. probably due 
to an upregulation of glf..: and also pgi that permits a 
higher rate of phosphorylation and initial transforma
tion of glucose into fructose-6-P (T'able 3b). This 
strain has modified its flux by increas i'ng its glycoly tic 
carbon flux in the nrst step of the pathway to 95% 
(Flores et al., 2(02). 

We originally thought that the relatively higher 
glycolytic flux in the initial steps of the glucose 
catabolism in PB 12 could be responsible for the 
synthesis of a larger pool of fructose-6-P, fructose-I,6-
bis-P or both than those lIsually present in a wild-type 
strain. This situation, in tUfIl, could result in the in vivo 
inactivation of the Cra (or FruR) repressor coded by 
fruR. Since glk is repressed by Cra, under this scenario 
glk transcription would be lIpregulated in this strain 
(Meyer el al., 1997; Saier and Ramseier, 1996). 
However, this does not seem to bethe case, beca use 
the transcription level of several other genes, such as 
pykF, pckA and edd that are repressed by Cra, does not 
increase in PBI2 as compared to JMIOI (Table 3b) 
(Saier and Ramseir, 1996). To ascertain whether the 
change in the expression of glk anel pgi could be the 
result of a mutalion at thcir regulatory regions, we 
determined the nuc\eotidc seqllence of approximately 
250 bp upstream of the translation initiation codon anel 
the complete coding regions of these two genes in a11 
strains. However, no mutation was detected. The 
nuc\eotide sequences of the regulatory and structural 
regions of frtlR were al so determined without detecting 
any mutation. 

It is important to point out that there are no 
significant carbon flux differences between the wild-type 
and the PB 12 strain in the remaining steps of the EM 
pathway from fructose-6-P down to the synthesis of 
PEP, whereas there is a decreased flux in PBII as 
compared to the other strains in this part of the pathway 
(Fig. 1) (Flores et al., 2002). These results are in 
agreemen t wi th .. R T -PCR vallles, showing tha t the 

expression levels of the genes involved in the transfor
mation of fructose-6-P into PEP of 1M 10 I and PB 12 are 
expressed basically at the same level, while this group of 
genes, in general, are apparently slightly downregulated 
in PB 11 (Table 3b). However, this last set of values 
should be taken with caution because sorne of them are 
within the limits of experimental error. 

PTS- strains cannot synthesize PYR from PEP using 
PTS. Therefore, they should use the two PYR kinases 
encoded by pykA and pykF for this purpose (Fig. 1), In 
these PTS- strains the carbon flux values from PEP to 
PYR via PYR kinases are significantly higher than in 
the wild-type (Flores et al., 2002). Therefore, we were 
expecting higher transcript levels for the pykA or pykF 
genes in the PTS- mutants as compared to the wild
type, to compensate for the absence of PTS. However, 
the e.\pression of the p)'f..: genes did nOl increase but even 
slightly decreased in PBII and did not change sig
nificantly in PBI2 as compared to 1M 101 (Table 3b). 
These results indica te that the total PYR kinase.activitY 
present in these PTS- E. coli strains (Ponce el aL, 1998) 
is suff1cient to convert PEP into PYR at a similar rate as 
in the JMIOI strain. PEP can also be converted into 
oxaloacetate by the PEP ca rboxylase (Ppc) enzyme 
coded by ppc, whose transcription is slightly down
rcgulated in PI3II and PBI2 as cOl11pared to JMIOI, 
(Tab!.: 3e). 

3.3. P YR lmll.\jol'l/wliol/ il/lo acetale al/(I acelyl CoA. 

Once PYR has been synthesized from PEP, it can be 
transformed into acetyl CoA (AcCoA) in order to be 
incorporated into the TCA cyc\e and/or the glyoxylate 
shunt. In wild-type E. coti growing on high glucose 
concentrations and aerobic conditions, this reaction is 
calalyzed mainly by the PYR dehydrogenase complex 
(Pdh) coded by aeeE, aceF and Ipd that conform to the 
pdh operon (Quail el al.. 1994). The first two genes are 
downregulated in PI3II as compared to JMIOI, while 
the value for Ipd is similar in both strains. In the case of 
PI3I2, the flrst two genes are slightly upregulated and Ipd 
is two-fold lIpregulated (Fig. 1, Table 3b). These 
transcription values in the t\Vo PTS- strains, especially 
in PB 11, are not in agreement with the t\Vo-fold increase 
in carbon fluxes detected from PYR to AcCoAas 
compared to the wild-type strain (Flores et al., 2002), 

However, in this context it is important to point out 
that the poxB gene that codes for PYR oxidase (PoxB), 
an enzyme that converts PYR into acetate and 
simultaneously reduces quinones in the membrane,is 
highly upregulated (four- to five-fold) in both PTS
strains (Fig. 1, Table 3h). We propose that in the PTS
strains this enzyme could be producing acetate, which 
can be transformed into AcCoA, explaining the incre~se 
in carbon flux between PYR and AcCoA in P~S
strains (Fig. 1). This is in agreement with the upregula-
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In E. eoli, the gle locus associated with glycolate 
utilization inclucles gleB encoding malate synthase and 
other genes needed for glycolate oxidase activity like 
glee that codes for a Glc activator protein. The 
metabolic pathways specified by gle and aeeBAK 
operons yield glyoxylale as ti common intermedia te, 
which is utilized by the 'two malate synthases coded by 
gleB and aeeA. Pellicer et al. (1999) demonstrated that 
null mutations in either gene exhibit no phenotype 
because of cross induction of the aeeBAK operon by 
glycolale and the gle operon by acelale. In the same 
study, it \Vas also demonstrated lhat the regulation of 
the yle operon including gleB is under lhe posilive 
control of GIcC encoded by a divergent gene. Furlher
more, il \Vas shown that the expression -pf the g/e operon 
like the aeeBAK operon is negatively controlled by 
A~A. , 

Inlerestingly, the transcription patt~rn of glcB is 
similar to the (/eeBAK opero n in PBII and PBI2. It is 
highly upregulated in PB II (more than 10-fold) and less 
but still relatively highly (3.7-fold) llpregulated in PBI2 . 
\Ve propose that aceta te, produced vi:1 PoxB, ShOllld 
also playa role in the upregubtion of the gle operon and 
the gleC regulator gene in PB II and PB 12 (Table 3d) . 
The inactivation of ArcB or enhancement of its ArcA-}> 
dephosphorylating activity (Georgellis et al. , 199~ ; 

Malpica et al., 2004) in PBI2 could contribute to the 
upreglllation of glcC and gleB genes as it occurs with the 
aeeBAK operon. 

In PBII, the genes that code for four of the 
respiratory reductase systems (CyoABCD, CydAI3, 
FrdABCD, NarG) as well as lIbiE that is involved in 
the biosynthesis of ubiquinone are downregulated. The 
genes coding for the dehydrogenases involved in 
ekctron transfer from substrates to quinones during 
the flrst step of the respiratorychains (NlIOAN, Ndh, 
SdhABCD) are abo downregulated as compared wilh 
JMIOI and PBI2 . The only respiratory gene that is 
highly upregulaled in PI3I1 (four-fold) and in PB 12 
(Ilve-fold) is poxB, whose encoded enzyme ulilizes 
PYR as an e\ectron donor and produces acetate in 
these PTS- strains (Tab\e 3g) . This gene could be 
playing a dual role, at leasl in PB 11 : in respiration 
by reducing quinones in the membrane and in the 
induclion of the aeeBAK and aes operons by producing 
aceta te. Nevertheless, it appears that the respiratory 
capabilities of PB II are diminished as compared to 
the two other strains. ArcA regula tes the expression 
of several of these genes (Lynch and Lin, 1996; luchi 
et al., 1990), and as can be seen in Table 3g, the 
expression of sdhABCD, and cyoABCD, which are 
examples of this situation, are apparently slightly 
upregulated in PBI2 as compared to PBII and JMIOI. 
However, this last set of values should be taken with 
caution be<;:ause some of them are within the limits of 
experimental erro.~. 

3.8. Fermentation proeesses and aeetate prod!letion and 
utilizatiol/ genes in the PTS strains 

The transcription levels of genes involved in the 
production of fermentation products (IdhA, (ldIzE, pta, 
aekA) are slight1y downregulated in PBII as compared 
to JM 101 (Table 3h). In fact, it has been reported that 
PB II does not produce any detectable fermentation 
products (Plores et al., 2002). The transcription values 
of these genes are basically the same between PBI2 and 
JM 101 with the exception of pta that is upregulated (1.8-
fold) in this PTS- strain . PB12 produces small amounts 
of lactate ancl also less acetate (produced at the late 
log phase) than J M 101 (Flores et al., 2002; S. Flores, 
pers. comm.). 

1 t has been proposed that in E. eoli the phospho
transacetylase-acetate kinase pathway, coded by pta and 
(¡ekA. functions primarily in él catabolic role, generating 
ATP during aerobic growth on excess glucose . These 
enzymes also catalyze the 10w-afflIlity reverse p:1thway 
that is activated when acetate is presenl eXlracellularly 
in large quantities. However, the Acs palhway that 
includes the AcCoA synthetase (Acs) and an acetate 
permt:<1se, coded by the (les and ))cC (aetP) genes, is 
illlluced by aceta k rol' the purpose of scavenging this 
1Il0kcu\e (Gill1enez et al., 2003; Phue and Shiloach , 
2004). As pn:viously lIlt:ntioned, \Ve propose that the 
l\Vo PTS- strains could be using PoxB to produce 
¡¡cetate as an autoinducer responsible of aeeBAK and 
(les opero n upregulation. This inlernally produced 
aceta te shoulcl be transformed into AcCoA by Acs, 
coded by aes that is also highly upregulaled as are the 
;.jtG (actP) and po:o.:B genes, in both PTS- strains, and 
flnally incorporated into the TCA cycle ¡¡nd/or glyox
ylale shunt (Tabk 311). 

It is relevant to emphasize that po:o.:B and aes as well 
as many olher genes have RpoS-clependent promoters 
(Chang et al., 1994; Shin et al., 1997; Hengge-Aronis, 
200~). The lranscriplion of rpoS is upregulated in PBll 
and PBI2, 2.9- and 2.2-fold, respeclively (Table 3i) . This 
should expIain lhe upregulatioll of the poxB and aes 
genes in these strains. All these results indicate that the 
PTS- strains have modified their capabililies of con
verting PYR into AcCoA nOl only with the use of Pdh 
but also with the participation of the PYR oxidase and 
the AcCoA synthetase. 

3.9. The pentase pat/nvay and the capacity to synthesize 
aro/JIatie eompol/nels in P Bl 2 

JMIOI directs 22% of total glucose-6-P through the 
glucose dehydrogenase (Zwl) enzyme when growing 
aerobically on glucose as the carbon source. The zlVf 
gene in PB II is slightly downregulated while in PB 12 it 
is slightly upreglllated when compared with JM 1 O 1. 
These results are in agreement with the specific activities 
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monitored for Zwf in these strains (Flores et al., 2002). 
It has been previously demonstrated that PB 12 uses 
intermediates of the EM pathway to synthesize ribose-S
P and eritrose-4-P (E-4P) by the sequential action of 
transaldolases and transketolases (Frankel, 1996; Flores 
eil al., 2002). As can be seen in Table 3c, tktB and talA 
genes that code for transketolase B and transaldolase A 
are both highly upregulated in PB 1I (II-fold) and in 
PB 12 (five-fold) as compared with JM 1 O 1. The expres
sion of tktA, talB, rpiB, rpiA, rpe and eda is also 
upregulated in PB 12. 

3.10. The espression of genes eodillg for reglllatory 
proteins 

We determined the transcription values for several 
genes whose products are kno\Vn to, be regulatory 
proteins. As can be seen in Tabk 3i, the transcription 
of sorne of these genes like erp did not change 
signiflcantly in PBII when compared to JM 101. How
ever, there are some other genes whose 'transcription is 
1l10derately upregulated, like ey{/A, (/reB and rpoS in this 
PTS- strain. On the other hand, the transcription of iclR 
and fadR is downregulated in PB 1I as compared to 
JMIOI. In PBI2, the transcription of some of these 
genes like crp, {/reA and areB did not changc signifl
cantly as compared to JM I 01; however, most of the 
remaining genes seem to be slightly upregulatcd. 

The downregulation of iclR and f(/dR could play an 
important role in the derepression (15- to S.S-fold) of 
aeeBAK opero n in PB 11. On the other hand, the 
upregulation of these t\Vo genes in PB 12 may result in 
partial activation of IcIR and FadR and thus a partial 
repression of the aeeBAK operon (3.7- to two-fold). 
Similarly, the increase of transcription of rpoS in both 
PTS- strains could explain the upregulation of several 
genes (posB, aes, fumA, aenA and others) that have 
RpoS-dependent promoters. 

3.11. Concluding retllarks 

As a result of this analysis, significant transcriptional 
differences were detected for several genes. These results 
have contributed to the understanding of the different 
metabolic capacities in the PBII PTS- and PBI2 
PTS-Glc+ strains. Sorne of the important changes and 
commentaries are the following: 

(a) PB 11 grows very slowly in glucose beca use it 
cannot transport and phosphorylate the carbohydrate 
efficientIy. Therefore, the cell should sense internally 
very low glucose or glucose-6-P concentrations. As a 
response of this starvation-stress condition, it can be 
inferred that the cell should synthesize several auto
inducers, for scavenging purposes (Ferenci, 2001; Hua et 
al., 2004). Among these autoinducers, should be 
galactose that p~rmits the upregulation of the gal 

operon, and this allows PB 11 to transport glucose 
through GalP andjor MglB. We also propose that 
aceta te, which is probably produced by PoxB, might be 
another autoinducer synthesized in this condition in 
PB 11. Acetate (or a related metabolite) could f unction 
as the autoinducer of the operons involved in its 
utilization like aeeBAK, aes and gle that are highly 
upregulated in PB 11. Interestingly, RpoS, whose coding 
gene is also upregulated in the PTS- strains, should be 
involved in the transcription of posB and aes genes, even 
in media with high glucose concentration. 

PB 12 PTS-Glc + is capable of growing faster than 
PB 11, mainly beca use the glk and pgi genes are 
upregulated in PB 12, allowing better glucose phosphor
ylation and isomerization into fructose-6-P. The gal 
regulo n as well as the aceBAK, aes and gle operons are 
upregulated in this strain; therefore. PB 12 should also 
be prodllcing galactose and acetate (or a related 
metabolite) as alltoindllcers. The lIpreglllation of these 
operons wOllld explain why both PTS- strains can 
lItilize simlll,taneously glllcose ami acelate as carbon 
sOllrces. Furthermore, the growth rates of PTS- stmins 
increasccl when growing in both carbon sources without 
an)' detectable lag phase. This result is a clear indication 
that the enzymcs reqllired for rapid incorporation of 
aceta te (codcd by thc (/ceBAK and aes operons) are 
alrcady present in the cells. Thesc results are in 
agreclllcnt with the high increase (two-fold) in carbon 
fluxcs between PYR and AceoA prcsent in PTS
strains, and also with the high increase (2.S-fold) in 
carbon flux betwecn citratc and malate in PBII, as 
cOll1pared to JMIOI (Flores et al.. 2002). 

When wild-type E. coli is grown on glucose-limiting 
starvation-stress conditions or in chemostat cultures 
with limited glucose with a specific growth rate of 
O.lh- I

, it induces the procluction of galactose as an 
autoinducer of the gal opero n that in turn allows the 
synthesis of the high-arllnity glucose transport MgIB for 
the internalization of glucose (Death and Fercnci. 1994; 
HUél ct al., 2004). As the cell also uprcgulates aeeA and 
the {/CS opero n (Hua et al., 2004), it is reasonable to infer 
that like in the PTS- strains, wild-type strains in this 
limited glucose growing conditions also produce acetate 
as an autoindllcer for scavenging purposes. These results 
indicate that a wild-type strain growing in glucose
limiting conditions utilizes mainly the MglB high
affinity permease and Glk to transport and phosphor
ylate glucose, instead of PTS. When the cell finds 
glucose in high concentration, PTS works again and 
utilizes this carbohydrate as the preferential carbon 
source (Ferenci, 2001). This results in the shutting down 
of the scavenging signals, repressing the gal, aeeBAK 
and aes operons. Therefore, the adaptative stress 
capability of a wild-type E. eoli for synthesizing 
autoinducers when sensing very low glucose concentra
tions is genetically frozen and permanently present in 
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the PTS- strains beca use of the lack of the PTS. Also, 
the obligation of using Glk in these strains does not 
allow the ceH to efficiently couple the transport of 
glucose to its phosphorylation and catabolism. This 
situation, in fact a stress-starvation condition, could be 
responsibl1e for the c~l1 sensing internal glllcose or 
glucose-6-P at very lo\v concentrations, even in the 
presence of high glllcose in the growing medillm, but 
certainly at different levels between PBII and PBI2. 

(b) PB 12 has the capacity to synthesize aromatic 
compounc1.s with a high yield from glucose. These reslllts 
have been explained in terms of the higher PEP 
metabolic availability, reslllting' from the ATP-depen
dent glllcose transport in these strains (Flores et al., 
1996; Búez et al.. 2001; Búez-Viveros··el al., 2004). The 
data obtained in this work provide new information that 
helps to understand the relationship between the 
phenotypic characteristics of strain PBI2 and its high 
capacity to synlhesize aromatic compollnds. In this 
strain, the llpreglllation of (k(A, (k(B., {(tIA and ((I/B 
whose protein products are related to the synthesis of 
the arol11atic precursor E4P from EMP inlermediaries 
was detected. Additionally, the gluconeogenic genes 
/l/ocE, sfcA, pckA, pps, jbaE, jbp and pfkB were 
upregulated. This resull is significant in the context 01' 
the biosynthesis of aromatic cOl11pounds, since the 
protein prodllct of the pps gene converls PYR inlo 
PEP and thus contriblltes to the increase in the 
metabolic availability of this second aroma tic precursor. 
Furtherl110re, the gluconeogenic capacity coexisting 
with glycolytic capabilities detected in this strain, 
enabling the simultaneous utilization of glucose and 
aceta te, is a physiological trait that could allow PBI2 to 
uli lize sil11ultaneollsly glucose and other carbon sources 
and this could potentially increase the yield in the 
synthesis of aroma tic compounds. 

(c) A point mutation was found in the arcB gene of 
PB 12. This mutation changed an original tyrosine into a 
cysteine residlle at position 71 in the transmembrane 
region 2 of ArcB (Kwon et al., 2000). There are two Cys 
residues in the linker region of ArcB protein and recenl 
data indicate that these two residues in ArcB are 
responsible for sensing the redox stage of the cel! by 
being reduced or oxidized by the quinone pool (Malpica 
et al., 2004). It is of interest to note that during oxidizing 
conditions dephosphorylation of ArcA-P, a reaction 
needed to curtail its regulatory activity, was previously 
showll to proceed, at least in vitro, via an Ar
cA Asp54_p -> ArcBHis711_p-> ArcBAsp576_p -> Pi reverse 

pathway (Georgellis et al., 1998). Thus, a possib\e 
explanation is that the new Cys residue might partici
pate in disulfide bridge formation between two subunits 
of Arc8. This could result in a conformation of Arc8 
with enhanced ArcA-P dephosphorylating act ivity. This 
mulation could explain the slight upregulation of TCA 
cycle and certain respiratory genes in this strain during 

aerobiosis. It is imporlant to emphasize that PBI2 
exhibits the same toluidine blue sensitive growth 
phenotype as the 6arcA and 6arcE strains (luchi and 
Lin, 1988), and that the introduction of a plasmid 
carrying the arcE gene resto res its growth capacity. 
Nevertheless, the significance of this mutation remains 
to be studied in more detail. Recently, it was shown that 
the ArcA modulon probably recruits more than a 100 
operons to mediate a role in cellular adaptation (Liu and 
DeWulf, 2004). Therefore, the selection ofa mutation in 
arcE in PB II could be an interesting alternative to 
genetically stabilize and/or permit the upregulation of 
several genes that in turn could allow certain metabolic 
flexibility. In PBI2, the PTS-Glc+ phenotype is the 
result of at least two mutations not genetically linked (in 
addition to the deletion of the PTS genes) (Flores, 1995), 
one (or more) responsible for the upregulation of the y/k 
and pyi genes that perl11its a faster growth in glucose, 
and the arcE mulation. It is hard to suggest which of 
these mutations occurred first. However, we favor the 
possibility that the arcE mutation occurred in the 
y/k-pyi upregulated background because in these con
ditions the cell catabolizes glucose more efficiently and 
grows faster. T his genetic background could allow 
the selection of a mutation for a beller utilization of 
the TCA cycle and certain respiratory enzymes than in 
PB 1I. 

(d) The nucleolide sequences of several genes were 
deterl1lined. As l1lenlioned, onl1' a single point mutation 
was founcl in a(cE in PB 12. Nevertheless, ArcAI3 
regulatory systel1l is neither known to regulate the 
expression of y/k and pyi nor the expression of several 
other genes in dilTerent pathways that are also 
upregulated in PBl,2 as cOl11pared to PI311 and 
JM IOI. Therefore, in PBI2 there might be one or 
more mutations in different genes not yet identified 
OF related to this response. \Ve are currently working 
on the isolalion of the genes responsible for this 
p l1 enotype. 

Finally, there is still a lol to be done with the goal of 
characterizing and improving the utilization of these 
strains for production purposes. Initially, one of the 
regulatory systems that we will also study in more delail 
is the RpoS transcriptionall regulator. RpoS is the sigma 
S subunit of the RNA polymerase that can partially 
replace the vegetative sigma factor (sigma 70) under 
stress conditions. As a consequence, transcription of 
nllmerous sigma S-dependent genes is activated. The 
regulation of its coding gene rpoS is a complex 
phenomenon in which several effectors participate like 
cAMP-CRP. This modulator apparently plays both 
activator and repressor roles depending on the cell 
growth condition (Hengge-Aronis, 2002). It seems likely 
that the absence of PTS induces a permanent stress
scavenging carbon response which causes the upregula
tion for rpoS that in turn could be responsible of the 
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upregulation of several stress responsive genes like 
poxB, acs, aCIlA,/umC, pps, tktB and others. 
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Glucose is the preferred substrate for certain fermentation processes. During its internalization an dl 
concomitant formation of glucose-6-phosphate through the glucose phosphotransferase system (PTS), 
one molecule of phosphoenolpyruvate (PEP) is constlmed. Together with erythrose 4-phosphate (E4P), 
PEP is condensed to form 3-deoxY-D-arabino-heptulosonate 7-phosphate (DAHP), the first intermediate 
of the common segment of the aromatic pathway. From this metabolic route, several commercially 
important aromatic compcpunds can be obtained. We have selected Escherichia coli mutants that can 
transport glucose efficiently by a non-PTS uptake system. In theory, this process should increase the 
availabi!ilty of PEP for other biosynthetic reactions. Using these mutants, in a background where the 
DAHP synthase (the enzyme that catalyzes the condensation of PEP and E4P into DAHP) was amplified, 
we were able to show that' at least sorne of the PEP saved during glucose transport, can be redirected 
into the aromatic pathway. This increased carbon commitment to the aromatic pathway was enhanced 
still further upon amplification of the E. coli tktA gene that encodes for a transketolase involved in the 
biosynthesis of E4P. 

Tite lIIl'ta!lolic mute kllOWII as the sltiUlllatc I'atltway or COllllllOll 
;1fL>1II;ltic I'athway kads to tite I'("()ductioll of III,IIIY ¡¡rom,Hic com
I'0ullds, includ illg the aromatic ¡¡lIIino acid, alld other mctabolites 
such as l"nIate, I'-aminobellzo.ltt', and elltcrobactill. In addition, the 
introduction of sl't:cific genes into an org,lrlisrn having a suitably 
IIwditicd arolll;Hic pathway expand, the range of cOl11pounds tlta l 
can be pn)duced. i\ good exal11ple of this is the production of 

PE) Glucose Gluconale 6-P, 
PyrUV"I:TS~ t E4P 

Glucose 6-P ~ L 

8-
Frucl!c 6-P~ PfP ; -~¡~~ 

Pyruvate .... t .
1 /' Shlklm3te ¡ Qulnoncs 

TCA ~ : I i, 
CYCLE Acetyl CoA Fotale ..... PABA : • ~ Tyr 

~ CHORISMATE~ .1. 
~ EnlerObaClin-,y_, \ .. _.~J r--,=----, 

/ Trp PI>e \ I MELANIN I 
__ 100010 " 

~ ______ ~ ji , cm~~ 

1, INDIGO 1 II'AO-t"'-P¡-C-AC-I'ol 

Figure 1. Pathways of central metabolism in E. coli. The derivation of 
carbon skeletons for the biosynthesis of aromatic compounds is 
shown. The shlklmate or common aromatic pathway Is indicated by 
the dotted square. Some metabolites derived from chorismate by nor
mal biosynthesis in E. coli are displayed. Other compounds that have 
be en produced in E. coli by the action of heterologousenzyme(s) are 
also shown (open squares). Aspartame has been made by a chemical 
coupling process, using Phe produced by fermentation. 
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indligo from glucose in Escherichia cvli'(Fig. 1). 
'1'0 reduce the cost of industrial biosynthetic prodllction of aro

IllJtic compo unds andl other derivatives, it is desirable to increas~ 
the flux of carbon skeletons into and throllgh the common aro
matic pathwJY. A theoretiG11 analysis of the pathways involved in 
the prodllction of aromatic cOlllpollnds in E. cvli indicates that the 
yield of these metabolites is limited by phosphoenolpyruvate 
(PEP) availabi ~ ity'·'. This compound is one of the major building 
blocks in several biosynthetic pathways, and it is the phosphate 
dOllor utilized by the phosphotransferase systelll (PTS) in the 
internaliZ,ltion of glucose'. Two moles of PEP are prodllced from I 
11101 of glucose through the glycolytic pathway. One mol of PEP, 
however, is subsequently used by the PTS during glucose transport, 
leal'ing only I mol of PEP per mol of glucose consumed that is 
<lv.lilabk for other metabolic reactions. 

So me of the approaches utilized to solve the limitation of PEP 
have been the use of non-PTS carbon sonrces, pyruvate recycIing 
to PEP by PEP synthase overproduction'·" and inactivation of 
pyruvate kinase'. Another approach is the sdection of mutants 
capable of transporting glucose by a non-PTS mechanism, Le., 
without PEP consumption. For example, Salmonella typhimurilll1/ 
mutants thal can transport glucose by facilitated diffusion through 
the galactose permease (GaIP) have been reported'. In these mutants, 
glucose is phosphorylated by glucokinase using ATP as the phos
phate dOllor. However, these mutants grow very slowly and have 
not been used extensively'. 

In this report, we describe the selection of E. coli strains having 
an inactil'ated PTS, that uses GaIP, glucokinase, and ATP to inter
nalize and phosphorybte glucose. These mutants differ from 
other PTS- Glucose' strains in that they were selected for their 
ability to achieve fast (wildtype) growth rates. Using these 
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Figure 2. Relevant characteristics 01 plasmids containing the IktA and/or aroG"" genes. Only the relevant cloned gene(s) and restriction site(s) are 
shown. (A) Plasmid pRW5 contains the E. c'oli aroG'''' gene cloned under the control 01 two lacUV5 promoters. (B) Plasmid pRW5tkt was derived 
from pRW5 and contains the tktA gene from E. coli under its own regulatory signals. 

mulanl S, I,'e I,'ere ahk to rt'dirt'ct 1ll0rl' glucose-dc ril'cd ca rbon 
into the Jr\ll l1 ~1tic path\\"a )", ' 

Results and discussion 
Sclcction and charactcrization of PTS' GIlIcosc' strains. Thc iso
Lttion of spontaneous Glucosc' rCI'crtants tltat arose 1'1'0 01 r. col; 
stLlins la.:king the ['1;' genes, has hecn rcporkd '. Using a simiLH 
apl'roach , \\"e h~lI"c found that wh<'n L ((Jli strains lkvoid oi the 
['{;.N, ['1;.1, and (1'1' gt'nes are cultil'atcd in a ferment or in mini mal 
mcdiulll I"itlt glllcose as tlle' only carhon SOllrce, a Itcterogclll'oll s 
po!,ulation of PTS Clucose' revertants can bt' detcctcd after 
approximatel)" two da)"s (unpublishcd rcsult,). frOIll this hetero
gt'llCOllS !,o!,uLttion, lIsing continuolls cuItllrt', we were abk to 
sckct sevcra! PTS ' GllIcosc' variants that can gro", with difkrent 
llla Ximlllll growth rates in minimal mediulll with gluCllSC as tht' 
onl)" carbon snllrce. 

Two strains that showed a stah1e "TS' Glucosc ' phenot)"!,e I\'crc 
furtht'r char<lctt'fizcd. It should be mentioncd tltat the Ó['I;.Hlcrr 

Illlltation affects not only the transport of PTS carbohydrates, 
but abo blocks the utilization of other carbon sources likt' Krebs 
cyck intermediates and certJin amino acids '. In Tablt' 1, \Ve prt'sent 
the phenotypic characterization of two Ji\·1101 PTS ' Glucose' 
derivati ves (str<lins PB 12 and PB13) , as well as the PTS- Glucose' 
progenitor (strain PHIl). The, rewrtants rdaincd severa! of the 
phenot)'l'cs associated with the ['1;" genotrpe" but regained tltc 
abilit)' to oxidize g!ucosc and otlter carbon sources, Important!y, 
in a'1l of ,the PTS' Glucose' revertants tested, intcrruption of thc 
gnlP genc with a TillO transposon eliminatt'd the Glucose' pheno
type (datJ not shown). The two PTS- Glucose' strains PBl2 and 
PBI3 differ in their doubling time in minima! medium with 
glucose as the on!y carbon SOllrce (1.64 h and 1.0 I h respectively; 
data not shown). 

Redirecting carbon fIow into the aromatic pathway. Based 
on tltese data, it is probJb\e that the PTS- Glucose' strains trans
port g!ucose through Ga!P, and once in the cytoplasm, this carbo
hydrate is phosphorylated by glucokinase (using ATP). This 
scheme should leave the two PEP molecules generated by the 
g!ycolytic pathway available for other metabolic routes. However, 
considering that in E. co1i, PEP is an allosteric regubtor of several 
enzymes, especially phosphofructokinase" PEP a.::cumnlation 
\Vonld be limited'·, 

To test the hyp¿thesis that PTS- Glucose' mutants can consume 
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extra PEP avail~lhlc h)' dirccting it into thc arom ~1tic p~lthwa)", I,'e 
rel'c,ltt'd tht' iso lation scheme dcscribcd abol'c to obtain PTS 
Glucost" dc' rivatives oi r:. coli strain 1'13103, which has bt'en USt'eI tn 
ol'erproduce trnHophan (unplIblished rcsults), One stablt' PTS 
GllIcosc ' dcrivatil'c 01' PB 103 was sdeclt'd for fllrthcr cxperiOlt'n ts 
(stLlin 1\:1'9), In this strain, the pltenotrpes fosfom )"cin rt'sistancc 
(se<' Experilllt'ntal protocol) and glllP dependenc)" for gluCl)s<' 
ILlnsport \Vere confírlllcd (d~lta not shown) . In Illinilllal mcdium 
I"itlt glucosc as thc onl)" carbon somCt', both I'B 10.> ami NF9 grcI" 

Table 1, Phenotypic characterization 01 E. col; strains. 

Strain Strain Strain Strain 
JM101 PB1 11 PB12 PB13 

Carbon source PTS' PTS'GllIc' PTS'Gluc' PTS'Gluc' 
._._---- -- ,--------~-

Glucose + + + 
L-Asn + 
L-Gln + +/-
L-Pro + 
l-Asp + 
L·Glu + 
L-Thr + 
o-Ala + + 
GI,ycyl·L·Asp + +/- + + 
Glycyl'L -Glu + +/- + + 
N-Acetyl-o-glucosamine + 
o-Galactonic acid-13 lactone - + + 
Glycerol + + + + 
Sacharic acid + 
o-Glucoronic + + + + 
o-Malic acid + +/- + 
Fumaric acid + 
o-Sorbitol + 
Lactose 
Fructose + 
o-Mannose + 
o-Galactose '+ + + + 
L-Rhamnose + + + 
o-Gluconic acld + + + + 
a-Methyl galactoside + + + 
L-Galactonic acid-I) lactone + + + 
Mucic acid + + + 

-, no color; +/- laint color; +, slrong color. Color developmenl indicates 
oxidation 01 the carbon source. 
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Figure 3. DAHP production in P8103 and NF9 strains carrying different 
plasmids. Strain NF9 is a Pts- Glucose - derivative of P8103 
(see Experimental protocol). 80th Glucose- strains (P8103 and NF9) 
have the same generation time (1.25 h). B, P8103/pRW5; [ J, 
P8103/pRW5tkt; ... , NF9/pRW5; and 6 , NF9/pRW5tkt. 

with a dlluhlin~ time of 1.23 h. 
Strains 1'1l103 ,Ind NF9 wen.: each transforlllc'd with I'l.lsl11id 

pl~W5 or pl{\\'5tkt. I'lasmid pl~\\'5 (sec' I'ig. 2A) (ontains the 
cloned 111'00

1
" gene that encodes an aHostcrically in;;cnsitive 

3-dc'oxy-I'-arabino-hC¡1 tulosonatc 7-phosphatc' (DAHP) synthase 
enzyme, \\'hich catalrzcs the condcnsation of PE!' and E4!' to pro
ducc 1)¡\III'.1'Ias111id pl{W5tkt (rig. 2\3) is identiC<11 to pRW5, but 
,liso contains the doncel E. (oli Iklll encoding transketol¡lsc, which 
is ¡¡ pcntose phllsphate palhway enzrlllC th¡lt catalyz~s two separatc 
rcactions e¡lCh of which produces E4P. Therefore, amplification 
of the IklA genc' incrc,lses the intracellular concentmtion of E4P'I. 

E. (Jli strains that overl'roducc DAH P synthase excrete DAHP 
·into the extr,lcellular medium (un¡>lIblished observation). This 
rl'Oí.'cts the inability of 3-hydroquinate synth¡\se (the sccond 
enzymc' in lhe aro111atic pathway that norlllall.y consumes DAI-ll'), 
to kcep up with the rate of DAHI' production . In thc' prcsellt work 
we cxploited this DAHI' l'xcretion as an indi(ator of carbon com
lIlitment to the arolllatic pathwa,' in the straill/plasmid combina
tions described ¡¡bove. 

Figure 3 shows tha! the PTS ' Glucose' strain NF9 carrying 
plasmid plnNS produced 2.9-fold more DAHP than the parelltal 
PT5' strain PEI03 carrying the S<1me plasmid. Furthermore, 
when the aroG" and tktA genes were overexpressed simultane
olls,ly (pRWStkt), strain NF9 produced 2A-fold more DAHP 
than PEI03 containing the same cloned genes, and 2A-fold more 
DAHP than NF9 carrying only the amplified aroGb

, (pRWS, see 
Fig. 3). Each data point in Figure 3 represents Ihe average of 
duplicate flasks. Furthermore, several variations of the experi
ment have been carried out, and in a1l cases, the results were 
essentially idcntical (G. Gosset and J. Xiao, unpublished observa
tions). The possibility that the differences in DAHP excretion 
between the pBI03 and NF9 hosts reflects a difference in the 
leve! of 3-dehydroquinate synthase (encoded by aroB) , is unlikely 
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beca use further experiments showed that by amplifying (in a 
multicopy pbsmid) the aroACBLE genes that code for five of the 
six steps of the common aromatic pathway, the increase in 
DAHP production (i .e., carbon flow), translated into an 
increased synthesis of tyrosine and phenylalanine (A. Berry 
unpublished results). 

These data indicate that this PTS- GllIcose' strain does in 
fact direct more PEP into DAHP formation. Further, the results 
obtained with the strains o\'erexpressing tktA corrobora te that the 
formation of DAHP can be limited by E4P availabilitr'. 

In summar,-, these data indicate that PTS- GllIcose' mutants, 
selected for their ability to achieve fast growth rates, can be used 
to increase PEP availabilitr, and thus carbon commitment, to the 
aromatic pathway. \Ve belicve that this strategy has an advantage 
over the approach of overproducing the PEP synthase repe.rted br 
others'. In the "'tter case, theamplification of PEP synthase forces 
the cells to "go bJckwards", against the PTS and the two pyruvate 
kinase isoenzymes present in E. cvli". In addition, the (\ecessity of 
overexpressing another cloned gene (ppsA) reprcsents an extra 
J1\etabolic load to the cclls. On the other hand, elimination of PTS 
removes the major pJthwar of PEP consumption in E. coli l

', and 
also reduces the metabolic pressure towards pyruv¡¡te fllrll¡¡lIion 
c¡¡used b,' the sil11u!taneous I'resrI1ce of PTS and pyrllv¡lIe kinases'''. 

Experimental protocol 
BaClC'ri~1 strains and plasmicls. The 1:'. c"/i str,lins us>:d in this \\'urk werc' : 
ji' .. IIOI (SIIPI:'. Ilti. (M""-pr""\H) t ', Itr"/).\6, lad", l.r(l~MI5,pro.-\nl) " ; 
1'1\103 (1' MaeUló9 trpn, IIr.rA.?) , a TrI" d..:riqtive uf strain C53-1", and 
T1'2H 11 (F-, x)'l. argH 1, la,X7-1. araR, ilvA , ll(pl,H, plsl, crr) ::Km' "'. Plasrnid 
pR\\'5 is a pACre I 11·1 derivalive that contains Ih..: E. coli IlfOO'" gen" d'ln..:d 
11l1lkr land..:nl I"e prolllok'r (onlrol"" (Fig. 2A) . A l3amlll DNA fragm..:nl 
clrryin~ Ih,' Ikt.·\ genc' 1'1'0111 L c"li "'as don..:eI inlo 1'1'1": llI1i<]lI": l3am H I ,ile 01' 

pIZ\\'S lo g..:n..:ral": plaslllid pIH\'Slkl '·· (Fig. 2B). 
Mutant sekClion. I'ls derivaliv..:s 01' Ji>.IIOt ami PillO) (slrains 1'1111 

and N1'6, r,,:sp":Cliv..:ly). wer..: obl.linc'd by l' 1 I'ir ph¡lgc' 1r;lnSdll(lion IIsing 
"11'1\211 11 as ,bnor as d..:s(rib~d by Silh.lV}' el al.' ". S..:vc'ral of Ih~ phenotypi( 
charad..:risti(s of Ihe PIS" mulation wer..: connrm..:d usil1~ Ma(Col1kq'-Jg~r
h,lSe plal":s SU¡l¡lkm":l1led wilh diff..:r~nl carbohydraic's. Abo. Ih..: rcsislance 10 

the anlibioti( fosfomy(in was use" as i1nother indÍLatnr of Ihe PIS- ph":l1o
Iyp..:". Strains PIIIIl)r Nf6 \\'..:re used lo il1o(ulalC a 11. chellloslal containin!; 
M\l mccliunl (without casamino a(ids)'" sUl'l'knlcl1led wilh 0.2 1)h glucose. 
Thc inClIbation I~nlperature ,,'as 37°C. Thc di ssolved oxygen \\',IS mJintain~d 
aboye 2.0% by contro'lIing the illlpdlcr sp~..:d, and Ihc 1'''101" the medillm was 
mainlain~d at7.0 by basc additiol1. Afia Ihe cul,llIrc reached an OD",,,of 
approximately 2.5. lhe washing of·th..: fermel1lor was iniliatcd by feedint: 
fresh /l.1\l medium at a rale of0.52 L/hr. This now rale shoulo wash oul JII the 
c..:'IIs growing \,'ilh a sl'..:(inc growlh rale (lf less Ihan DA h-I (und..:r lhe sallle 
col1ditions Ih~ spc'(i ,nc growth rale of Ih~ PIS ' 1',1r~nlal strain was 0.8 h"'). 
Aft..:r at k;lsl 3 r..:sidcncc' times, Ihe ked fl,)\\' r¡!te \\'as incre,lsed to ",¡¡sh out 
cdls ",ilh a growlh. ral..: less than .0.5 h". This I'I'0c..:durc' was repealed lIsing 
incr":lllenlal inae;,,>:, in flo',· rale (.0 .\ I./hr) , lIntil slrains were se!ecteo thal 
hao a sl'eciti( gro"th rate of at Icasl .0.8 h·l

• Before each in(remcntal increase 
in Ihe feed flow rale, sampks were taken from the ch~mustat, dilllted and 
plated on M¡lCConkey-glucose plates. The MacConkey media has a pH
dependant dye th'1I changes color in response 10 the acidic byproducts of 
sug~r metabolismo After incubating the plates 24 h al 37"C, Ihey were elCam
ined for colonies having a normal E. col; morphology and a homogeneous 
red color. Only those mutants having these characteristics were studied fur
ther. StrJins PBI2 and PBI3 were d..:rived from slrain PBIl, while strain NF9 
was derived from strain NF6. 

Phenotypic characterization of PTS- Glucose' mutants. The abilily of 
the E. coli strains to ox:idize different carbon sources was ex:amined using 
Biolog ES MicroPlates as described previously"'. Ihis tYlPe of plate assay is 
based on tetrazolium chloride (TTC) dye reduction as an indicator of sole
carbon-source utilization. Strains capable of catabolizing the test substrate 
reduce TIC and produce a deep red color, whereas colonies failing to catabo
lize the substrate remain uncolored. Furthermore, the degree of red color 
represent variations in the rate and/or degree of catabolism", After 24 h of 
incllbation, the ES plates were elCamined. and the relative rates of carbon 
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source oxidation were recorded. After performing several experiments with 
this system, we found that the quantitative values varied. However, the ability 
or inability to oxidize a particular carbon source was reproducible. 

Measurement ofDAHP production. Strains were grown with shaking in 
30 mi flasks, at 35°C. The medium used was YE, which contains 15 giL yeast 
extract, 14 giL K,HPO" 16 giL KH,PO .. 5 giL (NH.),SO" 15 giL glucose, 
1 giL ~lgSO, and 1 drop of P-2000 antifoam (Dow Chemical, MI). Cultures 
,,'ere inoculated with cd'ls from overnight seed cultures. The initial 00..., of 
Ihe cultures was 0.2. To induce the exprcssion of the aroO" gene present in 
pl,¡smids pRW5 andpRW5tkt, IPTG (isopropyl-¡3-o-thiogalactopyranoside) 
was ad,led to the cultures when they reachcd an OO ... of 2.0. The pH of the 
cultures ,,'as maintained at 6.5 through the experiment by periodic additions 
of 45% KOH. Samples were taken at specific time intervals, the cells were 
removed by centrifugation, and the supernatants assayed for OAHP using 
th.;- standard thiobarbituric acid assa¡-". 
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We have developcd Escherichia coli strains that internalize 
glucose utilizing the GalP pennease instead of the phosphoenol
pyruvate:carbohydrate phosphotranÜerase system. It has been 
demonstrated that a strain with these riIodifications (pTS-Glc+) can 
dircct more carbon flux into thc aromatic pathway than the wild-type 
parental strain (N. Flores et al" 1996, Nat. Biotechnol. 14,620--623; 
G. Gosset et al., 1996, J. Ind. Microbiol. 17, 47-52; J. L. Baéz 
et al., 2001, BiotechnoL Bioeng. 73, 530-535). In this study, we have 
dctcrmined and compared the carbon fluxes of a wild-type strain 
(JMI0l), a PTS-Glc- strain, and two isogenic PTS-Glc+ dcriva
tives named PB12 and PB13 by combining gcnetic, biochemical, and 
r-..~IR approaches. It was detcnnincd that in these strains a func
tional glk gene in the chromosome is required for rapid glucose 
consumption; furthermore, glucokinase-specific activities were 
higher than in the wild-type strain. 13e labeling and r-..~ analysis 
allowed the determination of diffcrences in oiDo which incIudc higher 
glycol)1ic fluxes of 93.1 and 89.2 % compared with thc 76.6% 
obtained for thc wild-type E. coli. In PB12 and PB13 we found a flux 
through the malle enzymcs of 4 and 10%, respcctively, compared to 
zcro in the wild-type strain. While flux through the Pck enzyme was 
absent in PBl2 and PB13, in the wild type it was 7.7%. Finally, it 
was found that in thc JMI0l and PB12 strains both the oxidative 
and the nonoxidative branches of the pentosc phosphate pathway 
contributed to ribose 5-phosphate synthesis, whereas in PB13 this 
pentose was synthesized almost excIusivcIy through the oxidative 
branch. The detennined carbon fluxcs corrcIate with biochemical 
and genetic characterizations. lO 2002 ElsevierScience (USA) 

Key Words: NMR; glucose transport; phosphoenolpyruvate; 
central carbon rnetabolism; mctabolic engineering. 

INTRODUCTION 

Central metabolic pathways are the source of precursor 
compounds for a11 other patbways and also a significant 
source for energy and reducing power in the cell. Tbis 
explains wby tbis part of tbe cell metabolism has be en the 
target of basic studies and metabolic engineering efforts for 

1096-7176/02 $35.00 

o 2002 Elscvier Science (USA) 
All righ ts reserved. 

the improvement of industrial strains. In the case of 
Escherichia coli, metabolic engineering studies have been 
primari1y focused on the main central metabolic sections 
that are active during growth on glucose as the sole carbon 
source: the Embden-Meyerhof(EM)\ pathway, the pentose 
phosphate (PP) pathway, and the tricarboxylic acid cyc1e 
(TCA)(Vanna el al., 1993; Schuster el al., 1999). 

Among the metabolites of the central metabolism, 
phosphoenolpyruvate (PEP) plays a key role in cell phy
siology since it is a phosphate donor in the PEP:car
bohydrate phosphotransferase system (PTS), a direct pre
cursor of severa! amino acids, and because it participates in 
the A TP-yielding reaction catalyzed by pyruvate kinases 
(postma el al., 1996; Valle el al., 1996). Tbus, a number of 
studies bave been focused on understanding and mani
pulating metabolic fluxes around the PEP and pyruvate 
nodes. Severa! approaches have been employed in order to 
increase the metabolic availability of PEP, like the 
overexpression of the gene coding for PEP synthase (Pps), 
the inactivation of the genes coding for the two pyruvate 
kinase isoenzymes (ponce el al., 1995), and, more recently, 

I Abbreviations used: Metabolic pathways--EM, Embden-Meyerhof; 
PP, pentose phosphate; TCA, tricarboxylic acid cycle. Enzymes----GalP, 
galactose permease; Gap, glyceraldehyde-3-phosphate dehydrogenase; 
Glk, g1ucokinase; GltA, citrate synthase; Gnd, 6-phosphogluconate 
dehydrogenase; Mdh, malate dehydrogenase; Mez, NAD- and NADP
dependent malic enzymes; Pck, phosphoenolpyruvate carboxykinase; Pgi, 
phosphoglucose iso merase; Ppc, phosphoenolpyruvate carboxylase; PTS, 
phosphoenolpyruvate:carbohydrate phosphotransferase system; PykAF, 
pyruvate kinases A and F; Rpe, ribulose-5-phosphate 3-epimerase; Rpi, 
ribose-5-phosphate isomerase; Tal, transaldolase; Tkt, transketolase; Zv.f, 
g1ucose-6-phosphate dehydrogenase. Compounds and others--ACoA, 
acetyl-coenzy:ine A; CIT, citrate; E4P, erythrose 4-phosphate; F6P, 
fructose 6-phosphate; Ferm, fermentation products; G3P, glyceraldehyde 
3-phosphate; GtíP, g1ucose 6-phosphate; Glc, g1ucose; MAL, malate; 
NADPH, nicotinamide aderune dinucleotide phosphate (reduced form); 
NADH, nicotinamide aderune dinucleotide (reduced form); OAA, 
oxaloacetate; 6PG, 6-phosphogluconate; PEP, phosphoenolpyruvate; 
PYR, pyruvate; P5P, pentose 5-phosphate; R5P, ribose 5-phosphate; TSP, 
sodium trimethylsilylproprionate-2,2,3,3-d.; DAHP, 3-deoxy-o-arabino
heptulosonate 7-phosphate. 
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the utilization of strains with an inactive PTS, but witb tbe 
capacity to consume glucose rapidly (patnaik et al., 1995; 
Flores et al., 1996; Gosset et al., 1996). In tbe latter work, 
starting from a strain with an inactive PTS (PTS -), wbicb 
grows very slowly on glucose (Glc -), a method based on 
continuous culture was employed to select for mutants that 
had growth rates similar to tbat of a PTS+ strain. lnitial 
characterization of these PTS -Glc+ strains revealed tbat a 
functional galP gene on the cbromosome is required for 
rapid growth on glucose (Flores, 1995). This result strongly 
suggests that in tbese mutants, GalP bas replaced tbe 
transport functions oftbe IICB°1c PTS protein; tbis result is 
not surprising, considering tbat it has been reported that 
GalP can transport, in addition to galactose, other sugars 
such as glucose (McDonald et al., '1997). Further charac
terization of these PTS -Glc+ strains, in tbe context of 
aromatic amino acid biosynthesis, has revealed that tbey 
can direct more carbon flux into i.J;l.termediates or final 
products of the aromatic pathway, compared to isogenic 
PTS+ strains (Gosset et al., 1996). Thus, tbe measured 
molar yield from glucose for the syntbesis of tbe first 
intermediate in the aromatic pathway, 3-deoxY-D-arabi
noheptulosonate 7-phospbate (DAHP), was 0.71 moID,\HP1 
molo1e> in a PTS -Glc+ aroB - strain in wbich genes coding 
for a feedback inhibition-resistant DAHP syntbase and 
transketolase were overexpressed. In contrast, in an isogenic 
PTS+ strain, the yield reached oruy 0.43 molDAHP/molGlc 
(Baéz et al., 2001). These results indicate tbat by avoiding 
PTS --dependent PEP consumption for glucose transport in 
the PTS -Glc+ strains, a larger fraction of tbis precursor 
metabolite is now available to be redirected into specific 
biosyntbetic pathways. 

These results show that the PTS -Glc+ strains have tbe 
potential to become useful production strains for aromatic 
compounds and also for other metabolites derived from 
PEP; however, to fully understand and to be able to utilize 
these strains at their maximum potential, furiber phy
siological characterization is required. Therefore, tbe 
purpose of the present study was to obtain a detailed meta
bolic characterization of two PTS -Glc+ strains, PB12 and 
PB 13, and their isogenic progenitor strains JM101 (PTS+) 
and PB 11 (PTS -Glc -). This study was based on determin
ing the flux distributions2 of central metabolic patbways 
using carbon-13 labeling and nuclear magnetic resonance 
(NMR) spectroscopy, complemented by generating and 
studying mutants in genes encoding for certain enzymes of 
the EM and PP pathways. Results obtained sbowed 
that in the PTS -Glc+ strains, glucose phosphorylation is 

1 Al1 flux values are given as percentage of glucose utilization rate in tbat 
strain expressed in mmol Glc· h-l . g biomass -l. 
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dependent on tbe presence of a functional glk gene in the 
cbromosome. NMR data also revealed important differ
ences in carbon flux distribution between the PTS -Glc+ and 
tbe PTS+ strains at the level of the glucose 6-phosphate, 
PEP, oxaloacetate, and malate nodes. 

MA TERIALS AND METHODS 

Bacterial Strains and Plasmids 

Mutantstrains PB12 and PB13 were obtained from PBll, 
a PTS-Glc- mutant derivative of E. coli JMIOl, using a 
continuous culture selection method previously described 
(Flores, 1995). Mutant strains SMl, NF29, and NF30 
(rabIe 1) were obtained by PI transduction from an E. coli 
strain, ATCC47002, tbat bas integrated the glk::Cm con
struction. Inactivations of pgi and gnd genes were obtained 
by cloning the corresponding gene in a pBR322-derived 
plasmid and interrupting the corresponding genes with a 
chloramphenicol resistance gene present in the pLoxCat4 
plasnúd (Bolívar et al., 1977; Palmeros, 2001); the corre
sponding plasmid witb interrupted genes was modified by 
exchanging tbe replication origin for the permissive R6K 
origino Permissive plasnúds witb interrupted pgi or gnd 
genes were used to generate tbe respective chromosomal 
gene inactivation by allelic exchange. Double recombinant 
strains were chosen by the Ap' I Cm r phenotype and verified 
by PCR and enzyme activity analysis. 

Growth Conditions and Sample Preparations 

Cultures for growth-rate detennrnation, [14C]glucose 
uptake, NMR, and enzymatic assays were grown on M9 
medium supplemented with 2 gIL glucose starting at an 
OD6OO between 0.04 and 0.05 and collected when growing in 
tbe logarithmic phase at an OD6OO of l. Samples for NMR 
analysis were taken from batch cu1tivation in a 2-L fermen
tor witb a working volume of 1 L of M9 medium supple
mented witb 80% [1-IJC]glucose and 20% [U-13~]glucose 
(botb from Cambridge Isotope Laboratories, Andover, 
MA) to a final concentration of 3 gIL; cells were collected 
when they reached an OD6OO of 1. The total working volume 
was barvested and dried at 105°C for at least 10 h. Two 
hundred rúty milligrams was used for acidic hydrolysis in 
6 M HCl at 90°C for 18 h. The hydrolysates were 
lyophilized and redissolved in 700 pI D20 with 2 mM 
sodium trimethylsilylproprionate-2,2,3,3-d4 (TSP) (Aldrich) 
as chemical shift standard. In the resulting mixtures, cys
teine and tryptophan were lost due to oxidation, and 
asparagine and glutamine were deaminated. 
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TABLE 1 

Escherich;a col; Strains and Plasmids Used 

Strain or Source or 
plarmid Relevant genotype referencc 

Strain 

JMIOI SupE, Ihi, A(lac-pToAB), F' Bolívar el al., 1977 
SMI JMIOI glk::Cm This study 
SM6 JMIOI gnd::Cm This study 
SMI4 JMIOI pgi::Cm This study 
PBII JMIOI Lf(ptsH, pIS!, cTT)::KanR Flores, 1995 
PBI2 PTS-Glc+ Flores, 1995 
NF29 PBI2glk::Cm This study 
SM8 PBI2gnd::Cm This study 
SM31 PBI2pgi::Cm This study 
PB13 PTS-Glc+ 
NF30 PB 13 glk: :Cm This study 
SM9 PBI3gnd::Cm This study 
SM32 PB13 pgi::Cm This study 

Plasmid 

pGlkl pBR322 carrying the E. coli glk gene Flores, 1995 
pGlk5 pGlkl carrying glk::CmR This study 
pMN6 PBR322 carrying the E. coli gnd gene Nasoff and Wolf, 

1980 
pGndl pMN6 carrying gnd::Cm R This study 
pGnd5 pGndl carrying R6K replication origin This study 
pPgil pCR-Blunt carrying the E.coli pgi gene Flores, 1995 
pPgi5 pPgi carryingpgi::CmR This study 
pPgi8 pPgi carrying R6K replication origin This study 

[14CJGlucose Uptake 

lnitial rates of [14C]glucose uptake were measured by 
harvesting cells at an OD600 of 1, washing once with cold 
Tris buffer, resuspending in 540 f.-ll of M9 medium, and 
maintaining on an ice bath. Cells were incubated for 10 mio 
at 37°C and then the reaction was started by the addition of 
30 f.-ll of [14CJglucose (1 mM, 5 mCi/mmol) while stirring. 
An aliquot of the cells with incorporated C4C]glucose was 
added to a membrane pI ate and washed with cold M9 
medium three times; the membrane was air-dried, and the 
incorporated [14C]glucose was monitored in a scintillation 
counter. 

Enzymatic Assays 

Twenty-five milliliters of the corresponding culture with 
an OD600 of 1 was centrifuged and washed with phosphate 
buffer (pH 6.8; 10 -2 M KH2P04 and 10 -2 M KH2P04) 

containing 10 -2 M 2-mercaptoethanol and 10 -2 M sodium 
azide. Cells were resuspended in 1 m.1 of the same buffer and 
disrupted by sonic treatment of four pulses of 15 s in a cold 
bath. Pgi-specific activity was determined as described by 
Maitra and Lobo (1971). Glk-, Zwf-, and Gnd-specific 
activities were deterrllÍned as reported by Lessie and Vander 

floTes et al. 

Wyk (1972); al1 activities are reported as nmol substrate 
produced' min -l. mg protein -1, using a molar extinction 
coefficient for NADPH of 6.22. 

NMR Spectroscopy and Mathematical Modeling 

Concentrations of glucose, acetate, lactate, and ethanol 
in the culture broth were determined by standard one
dimensional pro ton NMR at 400 MHz of samples contain
ing 200 f.-ll culture supernatant DlÍxed with 500 f.-ll D20. TSP 
(2 mM) was used as a chemical shift and concentration 
standard. 

Carbon-13 labeling patterns of amino acids, glycerol, and 
nucleotides present in hydrolysates of 10(}-200 mg of 
labeled cell material were determined by NMR spec
troscopy using a 400-MHz wide-bore NMR spectrometer 
(Bruker, Karlsruhe). 13C multiplet fine structures reflecting 
isotopomer composition of metabolites were analyzed 
from two-dimensional [IH, 13C] HSQC NMR spectra 
(Szyperski, 1995). The acquisition parameters were tima>: = 

520 ms, tlma>: = 231 ms; data size before zero filling was 
3072 points in ti and 2048 points in t2 • Sweep width was 
4.42 kHz for IH and 2.95 kHz for 13C; the carrier position 
was 4.78 ppm for IH and 63.1 ppm for 13C. The States pro
tocol for quadrature detection was used. Pulse widths were 
10 f.-ls for both IH and 13e. A shifted squared sine bell 
window was employed in both dimensions prior to Fourier 
transformation. A single 2D HSQC was recorded over the 
weekend (53.5 h) for the aliphatic and aromatic resonances. 
By comparing the multiplets of tyrosine with multi
plets resolved in a ID 13C spectrum from the same sample, 
it was verified that no distortions of relative multiplet 
intensities due to \3C off-resonance effects in the 2D HSQC 
spectrum occurred. A1l NMR data processing was per
formed using the Bruker XWINNMR software. Multiplets 
were extracted as ID traces from the 2D spectrum by 
interactively summing those traces along the \3C axis that 
contained the multiplet signals at a good signal-to-noise 
ratio. After manual baseline correction, integration was 
performed interactively. 

In the 2D NMR spectra, in addition to the usual signals 
of amino acids, signals from cytidine and uridine (Fig. 1). 
were found. These nucleosides (Le., dephosphorylated 
nucleotides) probably resulted from hydrolysis of RNA and 
apparently survived the 6 N HCI treatment. No phosphor
ylated species were detected. The nucleoside multiplet data 
were input to the flux estimation as measurement values for 
ribo se 5-phosphate and as such are complementary to, and 
in part redundant with, the information obtained from 
histidine. 
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FIG. 1. De multiplets for dilTerent carboos of ribosyl moieties oC 
cytidiDe and uridine as indicated, extracted from the 2D HSQe NMR 
spcctrum oC the biomass hydrolysate from the wild-type strain JMIOI. 
These nucleosides presumably stem from hydrolyzed RNA. Assign.ments 
were unequ..ivocally conlirmed by comparison with 'H and De chemical 
shift values measured from the pure standard s at identical pH in 0,0. The 
signals from e-2' and e-3' oC cytidine were not includcd in the analysis 
bccause they suffered from overlap and low signal-tO-DOisc ratios. 

was used, is of key importance for the detennination of tbe 
activities of the PP and the Entner-Doudoroff pathways. 
The [1-I3CJalanine isotopomer results from the breakdown 
of [1-13CJglucose via the Entner-Doudoroffpathway. The 
[3- 13CJalanine isotopomer results from [1-13CJglucose 
metabolized via the EM pathway. Moreover, the abun
dance of this isotopomer strongly reflects the activity of the 
oxidative PP pathway since operation of this pathway 
causes a loss of the 13e label originating from C-l of 
glucose. Therefore, the isotopomer composition of alanine 
in the hydrolysate was further investigated using one
dimensional IH spin echo difference spectroscopy as 
described in de Graaf el al. (2000). The measurements took 
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advantage of the fact that the methyl proton resonance of 
alanine was well resolved in the hydrolysate. Using a total 
spin echo time of 7.6 ms and alternate nonselective inver
sion of a3e, the total 13C enrichment of alanine C-3 was 
determined from the difference signal. Using a total echo 
time of 192 ms and selective inversion of the 173-180 ppm 
spectral band in the 13C dimension, the four alanine isoto
pomers containing a 13C in position 1 were quantitated by 
deconvolution analysis of the signals in the difference 
spectrum. 

Modeling ofthe E. coli metabolism and isotopomer dis
tributions in all metabolites as well as determination of the 
metabolic flux distribution by nonlinear least-squares 
parameter fitting was performed using the 13C-Flux 
software package (Wiecbert el al., 1999; Mollney el al., 
1999; Petersen el al., 2000). A flux balance analysis was 
integrated in the flux analysis, and the inputs and outputs of 
tbe metabolic network, as determined from independent 
measurements of substrate uptake and product excretion 
rates, were input in the analysis . The precursor fluxes for 
biomass syntbesis as derived from biomass composition 
data for E. coli were also input to the flux analysis programo 
As demonstrated in the study of Petersen el al. (2000), tbe 
resulting data set was greatly overdetermined, i.e., a large 
redundancy in tbe 13e labeling data was present. Each 13e 
flux analysis, as usual, was performed on1y once for cost 
reasons. Multiple calculations were performed starting from 
different starting flux distributions and the best solution 
tbat was reproducibly auained was assumed to represent 
tbe true flux distribution. While in some cases local mínima 
were found, these were characterized by significantly worse 
residuals and therefore rejected. A statistical error analysis 
of the resul ting fluxes was included in the calculations. 

A standard model of E. coli metabolism was used. It 
included tbe reactions of glycolysis, the pentose phosphate 
pathway, tbe Entner-Doudoroff pathway, the citric acid 
cycle, and tbe glyoxylate cycle. As anaplerotic reactions, 
PEP carboxylase and malic enzyme were included. PEP 
carboxykinase was included as a gluconeogenic reaction. 
The following enzyme reactions were programmed as being 
reversible: transketolase, transaldolase, phosphoglucose 
isomerase, triosephosphate isomerase, the sequence of gly
colytic reactions leading from glyceraldehyde 3-phosphate 
to PEP, and fumarase. 
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RESULTS AND DISCUSSION 

Growlh Rale and Glucose Transporl Measuremenls 

In order to provide an initial physiological characteriza
tion of the strains used in this study, we determined growth 
rate and glucose transport capacities for the wild-type 
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TABLE 2 

Growth Rate J.l and lnitial Ratc of [14C]Glucosc 
Uptake r in Different Escherichia coli Strains 

Straio Gen o type ¡l" r" 

JMIOI Wild typc 0.71 20.0 
PBII PTS-GIc- 0.10 1.7 
PBI2 PTS-GIc+ 0.42 10.3 
PBI3 PTS-Glc+ 0.49 11.7 

" In b -t, obtained on M9 medium supplemeoted witb 2 giL glucose. 
" Ioomol [ t4C]Glc·min-t ·mgproteio-t. 

JM101, the PTS-Glc- strain PB11, and the PTS-Glc+ 
strains PB12 and PB13; the results are presented in Table 2. 
Strain JM101 had a specific growth rate (Jl) of 0.71 h -1; the 
effect of inactivation of PTS on g~owth rate can be cleady 
seen in the PTS -Glc - strain PB ~ 1, the J-l of which was only 
0.10 h -l . PB 11-derivative PTS -Úlc+ straios PB 12 and PB 13 
had J.l of 0.42 and 0.49 h -1, respectively. luitial rates of 
[1~C]glucose uptake for these ,strains are also shown in 
Table 2; these results show that inactivation ofPTS in strain 
PB11 caused a reduction in glucose transport capacity to 
8.5% ofthat measured for the PTS+ JM101 strain (20 nmol 
[1~C]glucose' mio -l. mg protein -1). The PTS -Glc+ strains 
PB12 and PB13 partially recovered their glucose transport 
capacity; it corresponded to 42 and 47%, respectively, of 
that measured for JM 101. 

G/ucokinase M easuremen ts 

The results of the Glk-specific activity measurements in 
JM101, PB12, and PB13 strains and their g/k- derivatives 
are shown in Table 3. Strains PB12 and PB13 showed an 
increase of 122 and 138% of Glk-specific activity, respec
tively, compared to the wild-type strain. The disruption of 
the g/k gene in PB12 and PB13 severely restrained the 
capacity of these strains for utilizi.ng glucose as a carbon 
source (Table 3). It is important to notice, however, that the 
derivative strains \vith the interrupted g/k gene, NF29 and 
NF30, still had a residual activity for glucokinase of32 and 
22 units, respectively; these results can be explained by the 
presence of other phosphorylating enzymes with low 
affmity for glucose. 

In this sense, an earlier report on g/k mutations by Curtis 
and Epstein (1975) c1early shows that a pts/-g/k double 
mutant (named by the authors gpt-2 g/k mutant strain 
ZSC103) shows a 43 % residual activity (2 J-lmol· mio -1 g 
protein -1) on glucose phosphorylation compared with the 
wild-type strains. In our case, the g/k - strains show a resi
dual glucose phosphorylating activity of 22 to 32% 
compared to the wild-type strain. In the same report, Curtis 
and Epstein also showed that an additional mutation on the 

Flores et al. 

TABLE 3 

Glk-Specific Activities and Phenotype of glk Mutant Strains 

Strain Geootype Glk" Pbeootype" 

JMIOI Wildtype 57 R 
SMI JMIOI g/k- 27 R 
PBI2 PTS- 127 R 
NF29 PBI2g/k- 32 W 
PBI3 PTS- 136 R 
NF30 PBI3g/k- 22 W 

No/e. Results represeot the averages of at least three differeot experi
meots. 

" Speci.fic activities reported as Dmol substrate consumed· mio -1 • mg 
proteio-t . 

" Observed 00 MacCookey glucose plates. Red coloriog of colonies was 
ioterpreted as the bacterial capacity to use glucose as carboo source. White 
coloring of colonies was iotcrpreted as substaotially reduced capacity to 
use glucose as carboo source. R, red colowes; W, white colowes. 

mannose phosphotransferase structural gene (gpt-2 mpt-l 
g/k mutant strain ZSC112) decreased the residual glucose 
phosphorylating activity to almost 50% (1.1 J-lmol· mio -1 g 
protein -1), compared with the gpt-2 g/k mutant strain 
ZSC103. These results indicate that there are other enzymes 
in E. coli with glucose phosphorylating capacities, in this 
case, the mannose phosphotransferase component of the 
mannose-PTS system. In the same report, Curtis and 
Epstein also found a glucokinase-dependent glucose 
phosphorylating activity value close to O (less than 1 % of 
wild-type strain, meaning essentially absence of Glk 
protein), for both the ZSC103 and the ZSCl12 strains. 

The PCR amplification products (data not shown), and 
the important decrease of glucokinase activity in the NF29 
ancl NF30 strains, clearly indicate that the chromosomal g/k 
gene was interrupted in these derivative strains. From these 
data, we can conclude that glucokinase is the major glucose
phosphorylating enzyme in strains PB12 and PB13. 

M easuremen t 01 the Pgi-, Zwf-, and Gnd-Speciflc Activities 
on PTS+ and PTS- G/c+ Strains 

As part of the characterization of the PB12 and PB13 
strains, we measured the specific activities of certain key 
enzymes ofthe central carbon metabolismo As can be seen in 
Table 4, important differences were observed for the specific 
activities of the Pgi, Zwf, and Gnd enzymes, compared to 
the wild-type strain JM101. Values for the Pgi-specific acti
vities in strains PB12 and PB13 were respectively 3.9 and 3.3 
times higher than those of JMlOl. Higher specific activities 
were also detected for Zwf; however, in this case the specific 
activity was 1.5 and 1.9 times higher for PB12 and PB13, 
respectively. On the other hand, the Gnd-specific activity of 
these two mutant strains was 50% lower than the value 
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TABLE 4 

Pgi-, Zwf-, and Gnd-Specific Activitiesa of Various E. coli Strains 

Strain Genotype Pgi % Zwf % Gnd % P'lJ.fZwf 

JMIOI Wild type 144~ lOO 180 lOO 255 lOO 8.0 
PB11 PTS-Glc- 132 9 136 76 114 45 1.0 
PBI2 PTS-G1c+ 5699 394 267 148 130 51 21.3 
PBI3 PTS-G1c+ 4737 327 314 174 123 48 15.1 

• Reported as nmol substrate consumed' min -l. mg protein. 

determined for the wild-type JMlOl strain. These data 
could suggest significant differences in the carbon flux dis
tribution over the glycolytic pathway and the oxidative 
branch of the pentose phosphate pathway in the wild-type 
E. eoli and the PTS -Glc+ mutant strains. 

JJe Labeling and NMR Speetroseopy A,nalysis 

Isotopic labeling with a mixture oÍ' [1-13C]glucose and 
[U- 13e;; ]glucose was utilized for determining metabolic flux 
differences between the wild type' and the PTS -Glc+ 
mutants. We performed 20 [BC, IH] HSQCNMR spec
troscopic analysis of the acidic hydrolysates from bacterial 
cultures of the wild-type and mutant strains. From the 
spectra, we integrated the BC multiplets reflecting dif
ferently labeled isotopomer species. The values for all the 
integrated signals are presented in the Appendix. These data 
were input to the flux analysis program yielding the carbon 
flux values of the central carbon metabolism in mmol' 
h -l. g biomass -1 for the wild-type JM101 strain and the 
PBll, PBI2, and PB13 mutants. Representative statistical 
relative error estimates for the oxidative pentose phosphate 
pathway flux as well as for the C4-decarboxylating PEP 
carboxyk.inase and malic enzyme fluxes were 10%. In none 
of the strains was a significant (Le., more than 10% of the 
glucose uptake rate) flux over the Entner-Ooudoroff 
pathway or the glyoxylate shunt detected. As a result ofthis 
analysis, we found significant differences in the carbon 
fluxes between these strains in the EM pathway, the PP 
pathways, and at the TCA cycle (Fig. 2), as wiIl be discussed 
in the next paragraphs. 

Embden-Meyerhof pathway. As suggested by the Pgi
specific activity measurements (see Table 4), the PB12 and 
PB13 strains apparently have a higher glycolytic flux than 
the wild-type strain; this hypothesis was conflIIDed by 
NMR spectroscopy. The wild-type JMlOl strain directed 
76.6% of total carbon flux through the fmt step of the EM 
pathway (from G6P to F6P, see Fig. 2a). Compared to 
JMlOl, the PTS-Glc- strain PBll showed a much lower 
flux through the first step ofthe EM pathway (40.3%). The 
differences between JM 10 1 and the PTS -Glu -PBll strains 
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are the resultof the absence of the PTS system, the low 
glucose uptake, and the low growth rate of PBll. In the 
PB12 and PB13 PTS-Glc+ mutant strains, one of the 
important differences with the wild-type strain is located in 
the first step of the EM pathway; values for carbon flux on 
this part of the glycolytic pathway are 93.1 and 89.2 molar 
percentage, respectively, for PB12 and PB13 strains (Figs. 
2c and 2d). There are no important differences between 
strains JMlOl, PB12, and PB13 in the remaining steps ofthe 
EM pathway down until the synthesis ofPEP . 

The hypothesis at the start of the study on carbon meta
bolism in E. eoli, confirmed by Báez and co-workers (2001), 
was that the absence of the PTS system, i.e., the major PEP
utilizing system, as well as the usage of a different system to 
internalize and phosphorylate glucose, would lead to an 
increase in the amount of PEP that could be used in the 
biosynthesis of aromatic compounds. Although when 
studying the PB12 and PB13 strains we found no changes in 
the PEP carbon flux into the synthesis of aromatic com
pounds between the wild-type and the mutant strains 
(Fig. 2), this was an expected result since the common aro
matic pathway displays strong regulation at the level of the 
OAHP synthase isoenzymes. Other, less regulated meta
bolic reactions using PEP as substrate, like those catalyzed 
by the pyruvate kinases A and F (PykAF) (ponce el al., 
1995), showed increased fluxes in the same strains (Fig. 2). 

PEP is utilized for the synthesis of pyruvate via the PTS 
system and the PykAF enzymes; pyruvate is the precursor 
of ACoA, which in turn is utilized for the synthesis of citrate 
by the citrate synthase enzyme. PEP is also used for provid
ing oxaloacetate by way of the Ppc enzyme and pyruvate 
can be carboxylated to yield malate. Certainly, two of the 

TABLE 5 

Carbon Flu.xesQ Obtained from tbc DC l\'MR Flux Analysis 
(Molar percentagc) 

Reaction6 

Strain 2 3 4 5 6 7 8 

JMIOI 76.6 22.3 40.7 44.1 7.7 0.0 38.1 55.4 
PBI2 93.1 5.3 128.3 40.3 0.0 3.7 28.5 36.0 
PBI3 89.2 9.6 141.3 50.7 0.0 9.8 34.8 53.1 

• All flux values are given as percentage of glucose utilization rate in 
tbat strain expressed in mmol G1c· b -l. g biomass-I

. 

b Reactions: (1) G6P -+ F6P, EM pathway carbon flux; (2) G6P -+ 6PG, 
PP pathway carbon flux; (3) PEP -+ PYR, PykAF carbon flux; (4) 
ACoA + OAA -+ CIT, GltA carbon flux; (5) OAA -+ PEP + CO2, Pck 
carbon flux; (6) OAA -+ PYR +C02, Mez carbon fllL"t; (7) MAL -+ OAA, 
Mdh carbon flux; (8) acetic acid production. 
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FIG. 2. Relevant metabolie routes and earbon /luxes determined by the flux analysis in E. coli JMIOI (a) and derivative strains PBII PTS -GIc
(b) and the two PTS -GIc+ strains PBI2 (e) and PB 13 (d). Values in italie represent the glueose uptake in rnmol GIc· h -l. g biomass -l. Other values are 
molar pereentages of glueose uptake of specifie nodes. Arrows show the main direetion ofthe carbon flux. Dashed lines means zero or near-zero values for 
the eorresponding fl uxes. 

important differences between the wild-type JM101 strain, 
which utilizes the PTS systern for glucose uptake, and the 
PTS - strains are that in the mutant strains tbe carbon flux 
through the PykAF enzymes (as shown in Fig. 2) is highly 
increased and that pyruvate is differently utilized for the 
synthesis of ACoA and malate (see below). Interestingly, 
approximately the same fraction of PEP originally used by 
the PTS system in the wild-type E. coli is consumed by the 
pyruvate kinases A and F in strains PBll, PB12, and PB13. 
The carbon flux through tbe PykAF enzymes increased 
from 40.7 in the wild-type strain to 128.3, 128.6, and 
141.3%, respectively, in tbe three mutants. The increase is 
close to the 100% ofmolar carbon usage by the PTS system 
in the wild-type strain (Table 5, Figs. 2b, 2c, and 2d). The 
bigh flux through the PykAF enzym.es in tbe mutant strains 
PB12 and PB13 is in agreement with an increase in PEP 
availability when the glucose transporter cbanges from PTS 
to a PEP-independent transporter like GaIP. 

The analysis of acetic acid production (Table 5 and 
Fig. 2) shows that wbile JM101 and PB13 strains 
synthesized almost the same amount of acetic acid, 55 and 
56% molar percentage, respectively, PB12 directed a lower 
flux (36%) to the synthesis of tbis molecule. These results 
are in agreement with previous observations on acetic acid 
production synthesized in these strains (Sigüenza el al., 
1999). Other fermentation products in E. coli are mostly 
ethanol and forrnic acid. The total carbon flux until fer
mentation products, including acetic acid production, 
accounts for 61.2% in the wild-type JMlOl strain, 48% in 
the PB12 strain, and 67% in the PB13 strain (Figs. 2a, 2c, 
and 2d). Matheroatical modeling for the PBll strain did not 
suggest any fermentation products Dor were they detected 
by IH NMR spectroscopy. . 

Penlose phosphale palhway. At the level of the PP 
pathway, there are three important differences detected 
between the studied strains. JMlOl directed 22% of total 
carbon flux through the Zwf enzyme when growing aerobi
cally on glucose as carbon source, consistent with pre
viously reported values of around 20 to 30% obtained using 
biochemical (Neidhardt el al., 1990) or NMR analysis 
(Szyperski, 1998). The PTS-Glc- PBll strain presented a 
higher flux through the oxidative branch ofthe PP pathway 
of 58.5%, while the PTS -Glc+ strains PB12 and PB13 had a 
strongly diminished carbon flux through the PP pathway of 
5.3 and 9.6%, respectively. This reduction corroborates the 
tendency observed in the analysis of Pgi- and Zwf-specific 
activities (Table 4). A carbon flux reduction over the oxida
tive branch of the PP pathway may have consequences for 
the bacterial physiology and metabolism (see below), since 
sorne metabolites, like NADPH and ribose 5-phosphate, are 
produced mainly by this pathway, when the bacteria are 
growing on glucose as carbon source (Fraenkel, 1996). 

The NMR results and the mathematical model showed 
that the main ribose-producing metabolism is different 
between strains PB12 and PB13. As can be seen in Fig. 3, 
bistidine, wbich is derived froro ribose 5-phosphate, shows 
clearly different patterns of its carbon C-3 in the 2D [ 13C, 
IH] HSQCNMR spectrum. In PBI2, the Donoxidative 
branch of the PP pathway is utilizing intermediates of the 
EM pathway to synthesize R5P and E4P, using the Tkt, 
Rpi, and Rpe enzym.es. In PB13 the carbon flux through the 
nonoxidative branch of the PP pathway, wbich is Dormally 
utilized to produce E4P and R5P, is close to zero. In PB13, 
E4P and R5P are produced, upon oxidative-branch usage, 
as the products of Gnd, Rpi, Rpe, Tkt, and Tal reactions 
(FraenkeI1996) (Table 6, Fig. 2d). 
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FIG. 3. !le multiplets from e·3 of histidine reflecting dilTerent isotopomeric compositions of this amino acid in the wild·type JMIOI and the 
PTS-Glc+, PBI2 and PB3 strains. Filled cirdes represent "e. open cirdes represent l2e, gray cirdes represent UDcertainty about the label state ofthe 
indicated carbono The signals were e:ttracted froln 20 HSQe NMR spectra taken froID biomass hydrolysates. The multiplets for 1M 1 01 and PBI3 show a 
strong presence ofintact e5 fragments of the precursor ribose S·phosphate. which can only be produced by the ox..idative branch ofthe pentose phosphate 
pathway. For the PB 12 strain. the multipletstructure indicates a significantly increased content ofisotopomers in which the lle·3- 11e-4 andj or le-4-"e·s 
bond bas be en c1eaved. This kind of labeling su~ests an increase in the carbon flux through the nonox..idative branch of the PP pathway. See Fig. 2. 

Tricarboxylic acid cycle. Oxaloacetate and acetyl-CoA 
are substrates of the citrate-synthase enzyme (GltA), an 
enzyme that incorporates carbon skeletons into the TCA 
cycle (Cronan and LaPorte, 1996). Carbon flux through the 
GltA and the ppc enzymes represents the principal route for 
carbon feeding of the TCA cycle. Carbon depletion of this 
cycle is generated roostly froro the activity of Pck and Mez 
enzymes as well as froro the carbon withdrawal by bio
synthetic processes (Neidhardt el al., 1990). The flux analy
sis showed only sroall differences in the carbon flux through 
the GltA enzyme between the wild-type JM101 (44%) and 
the PB12 (40%) and the PB13 (51 %) routant strains (Fig. 2, 
Table 5). In contrast, the carbon fluxes producing oxaloa
cetate, especially froro PEP and roalate, varied. 

In the PB 11 PTS -Glc oC strain, there is a great interchange 
between PEP and oxaloacetate. The carbon flux through 
the ppc enzyme is 40.8%, while the backflow through the 
Pck enzyme is 22%. The TCA carbon flux (through the 
GltA enzyme) is 94% of the total glucose consumed 
(Fig. 2b). All these data suggest a high TCA activity in the 
PBll strain, with a consequent high energy production 
per roole of glucose; nevertheless, it is important to 
reroerober that PB 11 is a very special strain that grows very 
slowly in glucose. 

TCA replenishing by ppc activity has similar values in the 
JM101, PB12, and PB13 strains. In JM101, there is carbon 
flux interchange between PEP and OAA roediated by the 
ppc and Pck enzymes (Fig. 2a); the flux froro PEP to OAA 
by ppc was 24.9%, while 7.7% flowed back via Pck. 
However, the carbon flux through Pck is absent in the PB 12 
and PB13 routant strains, showing a net increase in TCA 

feeding froro PEP carboxylation. On the other hand, the 
oxaloacetate synthesized froro the roalate dehydrogenase 
enzyme decreased froro 38% carbon flux in the JM101 
strain, to 28.5 and 34.8% carbon flux in PB12 and PBI3, 
respectively (Fig. 2). Therefore, in the JM101 wild-type 
strain, carbon flux through the ppc is apparently replenish
ing the carbon skeletons withdrawn froro the TCA cycle by 
biosynthetic reactions and by the Pck gluconeogenic 
enzyme, while in the routant strains, Ppc replenishes roalate 
that is utilized by the roalic enzymes to produce NADPH 
and pyruvate. Changes in carbon fluxes involving oxaloa
cetate were clearly reflected in the extracted proflle of the 
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TABLE 6 

Carbon Flm(cs in the Pentose Phosphate Pathway· 

Strain 

Reaction b !MIO! PBI2 PBI3 

pppl 22 S lO 
pppla 2! S 9 
ppp2 6 2 
ppp3 6 2 
ppp4 3 -3 O 

• All flU;{ values are given as percentage of glucose utilization rate 
in that strain cxprcssed in mmol GIc·h-t'g biomass-t. Negative value 
indica tes backward reaction. 

b Rcactions: pppl, G6P -+ 6PG; pppla, 6PG -+ psP+eo1 ; ppp2, 
P5P+ P5P -+ S7P+G3P; ppp3, S7P+ G3P -+ F6P+E4P;ppp4,PSP+E4P 
-+ F6P+G3P. 
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signal for C-2 of aspartic acid, whicb derives directly by 
transamination from oxaloacetaie (Fig. 4). 

Tbe NADP-dependent malic enzyme (Mez) oxidizes 
malate to produce pyruvate, COi and NADPH. Mez is an 
important producer of reducing pbwer in E. eoli, but tbe PP 
pathway is tbe major supplier of reducing power wben bac
teria are growing on glucose as carbon source (Csonka and 
Fraenkel, 1977; Szyperski, 1995; Fiaux el al., 1999). Mutant 
strains on sfeA and b2463 genes coding for the NAD- and 
NADP-dependent malic enzymes have been recently 
developed. Using tbese strains, it bas been determined tbat 
tbe lack of oxidative decarboxylation ofmalate has no effect 
in wild-type E. eoli wben growing on glucose as carbon 
source (van der Rest el al., 2000). As determined from the 
BC-Iabeling experiments and mathematical modeling, tbe 
carbon fluxes tbrough the malic enzyme were almost 
negligible in tbe wild-type strain. In contrast, in tbe PB12 
and PB13 mutant strains tbe carbon flux was 3.7 and 9.8%, 
respectively (Fig. 2). Sauer and co-workers (1999) bave 
found, by a similar approacb, less tban 5% of BC labeling 
from malate on pyruvate molecules, suggesting tbe exis
ten ce of a small carbon flux througb tbe malic enzymes in 
tbe wild-type JM101 strain. In tbe same report, tbey also 
found an increase to approximately 20 % in tbe same kind of 
DC labeling on pyruvate molecules wben analyzing a JM 1 O 1 
pykAF mutant (pB25 stram, unable to produce pyruvate 
from PEP by pyruvate kinases; Ponce el al., 1995). As seen 
in tbe work reported by Sauer and in our results, two dif
ferent strains tbat bave different modifications in PEP 
utilization sbowed an increased carbon flux tbrougb tbe 
malic enzymes. 

As reviewed by Stols and Donnely (1997) and van der 
Rest el al. (2000), tbe main function of tbe malic enzymes is 
to syntbesize pyruvate and reducing power from malate; 
bowever, NAD-dependent malic enzyme in wild-type E. eoli 
can act in tbe reverse direction, by carboxylating pyruvate, 
to syntbesize malate, using NADH as cofactor (Fig. 2). We 
have found tbat tbe wild-type JM 1 01 strain bas a 2 % molar 

carbon flux througb tbese enzymes in the direction of 
pyruvate carboxylation (Fig. 2a); bowever, tbis flux was 
absent in the PB12 and PB13 mutant strains (Figs. 2c and 
2d). It is possible tbat the bebavior oftbe ppc, Pck, and Mez 
enzymes may r6flect a concerted mechanism that the bac
terium utilizes for regulating carbon fluxes under certain 
physiological conditions. In the case of the JM 10 1 strain, 
reducing power, as NADPH, is supp~ied mostly by tbe oxi
dative brancb of tile PP patbway, and tbe PEP-PYR 
balancing is mediated by tbe ppc and Pck enzymes. In tbe 
PTS -Glc+ mutant strains, due to tbe reduced carbon flux 
througb the oxidative branch oftbe PP pathway, the NADP
dependent malic enzyme syntbesizes NADPH using malate, 
an intermediate of tbe TCA cycle. In tbe PB12 and PB13 
mutant strains, tbe PEP-PYR balance is in the direction of 
PEP catabolism, and because of tbe lack of PTS system, 
apparently tbere is no need for PEP syntbesis by tbe Pck 
enzyme. Anotber possible reason for tbe absence of carbon 
flux tbrough Pck in tbe PTS -Glc+ mutants is tbe drain of 
carbon skeletons from tbe TCA cycle due to tbe malic 
enzymes activities; in tbis way, tbe cell may respond to PEP 
availability andj or TCA carbon depletion in E. eoli, 
regulating tbe carbon flux tbrougb tbe Pck enzyme. 

Furlher Predielions of Speeifie Effeels on Cerlain Mulanls 

Tbe results from the NMR measurements and matbe
matical modeling allowed tbe prediction of certain specific 
effects of furtber gene tic manipulations incorporated into 
the PB12 and PB13 strains. 

Case 1: The pgi gene. Tbe calculations based on the BC 
labeling results sbowed tbat PB12 and PB13 strains bad a 
diminisbed carbon flux tbrough tbe oxidative brancb of tbe 
pentose pbospbate patbway. Tbese strains presented a 3- to 
4-fold increase in tbe Pgi-specific activity witb respect to tbe 
wild-type strain (Table 4). At tbe same time, tbese strains 
also showed, as already mentioned, an increase of tbe Zwf
specific activity, tbe enzyme tbat commits carbon flux 
tbrougb tbe oxidative brancb of tbe pentose pbospbate 
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pathway (Fig. 2). The calculated Pgi/Zwf quotient (Table 4) 
is in accordance with the tendency observed by NMR mea
surements showing a greater glycolytic flux and a decrease 
in carbon flux through the oxidative branch of the PP 
pathway. Under these conditions Pgi and Zwf are compet
ing for the common substrate glucose 6-phosphate and the 
increase in both Pgi a'nd Zwf activities might be part of the 
PTS - strain adaptation to efficiently use glucose as a carbon 
source and to retain the capacity to direct enough carbon 
flux through the oxidative branch of the PP pathway for 
physiological needs, i.e., NADPH, ribose 5-phosphate, and 
erythrose 4-phosphate (see Case 11: The gnd gene). To 
determine if the increase of the Zwf enzyme-specific activi ty 
may help, under certain physiological conditions in E. eoli, 
to direct a higher carbon flux through the oxidative branch 
of the PP pathway, we decided to interrupt the pgi gene in 
the wild-type and the PB 12 and PB 13 strains. It has been 
reported that pgi mutants can only grqw utilizing the carbon 
flux that is directed through the ZWf enzyme (Fraenkel, 
1996). In the wild-type E. co/i cells the growth rate dropped 
from 0.7 to 0.1 h -1 when the pgi gene ;was interrupted (86% 
less than the parental JMlOl strain). In the PTS -Glc+ 
background, the growth rate dropped from 0.42 to 0.29 h-1 

in SM31 pgi- strain, only 31 % less than the parental PB12 
strain, and from 0.49 to 0.35 h -1 in SM32, 29% less than the 
parental PB 13 strain (see Table 6). The Zwf-specific activity 
for the strains SMI4, SM31, and SM32 in neither case is 
higher than in the parental strains (data not shown), 
demonstrating that there is no adaptation to use glucose by 
rueans of a carbon flux adaptation through the PP-oxidative 
branch. Using these data and those presented in Table 5, it 
is possible to conc1ude that a bigher Zwf-specific activity, 
perhaps together with a synergic efTect of the ruutational 
events that lead to the glucose utilization on the PTS -Glc
strain, allows the PTS-Glc+ E. co/i strains to direct more 
carbon through the PP pathway and, therefore, sustain 
relatively high growth rates in the absence ofPgi. 

Case II: The gnd gene. Pentose phosphate ruetabolism 
is different between the PB12 and the PB13 strains. Accord
ing to the NMR data, in PB12 the nonoxidative branch of 
the pentose phosphate pathway is the principal supplier of 
both R5P and E4P (Table 6, Figs. 2c and 3). However, in 
strain PB 13, R5P is synthesized using the Gnd enzyme and 
part of the oxidative branch of the PP pathway, while most 
of the E4P is produced by transaldolase using the P5P 
synthesized by Gnd (Figs. 2d and 3). Because of these cal
culated differences, the interruption of the gnd gene may 
have different effects on these strains. A PB13 gnd- strain 
would be unable to produce R5P and E4P, needed 
for aroruatic amino acid and vitamin biosynthesis. This 
situation wil] be difTerent in PBI2, in which the sarue 
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modification should not have major efTects on the growth 
rate in minimal medium. The re fo re , the gnd gene was 
interrupted in strains JMlOl, PBl2, and PB13. The gnd
derivative strains were studied using cultures grown on 
glucose as the sole carbon source. As can be seen in Table 7, 
strains SM8 (pB12 gnd-) and PB12 had alruost the sarue Ji. 
(0.39 and 0.42 h -1, respectively). In contrast, strain SM9 
(pB13 gnd-) grew very slowly on glucose at 0.02 h-l, while 
PB13 had a Ji. of0.49 h -l. These observations were thus fully 
in accordance with the predictions. The efTect of the sarue 
gnd- modification in the wild-type strain was a reduction of 
Ji. from 0.71 to 0.56 h -1; tbis efTect was due to the accumula
tion oftoxic levels of6-phosphogluconate. It is possible that 
the carbon flux through Zwf is not enough to produce 
accumulation of6PG to toxic levels in strain PBI2. 

CONCLUSIONS 

\Ve have measured, using biochemical and NMR spec
troscopy techniques, the carbon fluxes in difTerent E. eo/i 
strains modified in glucose transporto PTS -Glc+ strains 
PB12 and PB13 utilize GalP to internalize glucose and, as 
we have shown in tbis study, Glk to phosphorylate it once 
inside the cell. However, the glucose-transporting capacity 
developed in these mutant strains reached only half of the 
original transport capacity provided by the PTS systeru in 
the wild-type strain. This reduced capacity could partly 
explain the measured increases of the Pgi- and Zwf-specifIc 
activities in the PTS-Glc+ strains. These higher activities 
could also be the result of uncoupling glucose trans
port-phosphorylation and glucose catabolismo E. eo/i, like 
other biological systems, might have a ruetabolite channel
ing ruechanism involved in glucose catabolismo As reviewed 
by several authors, channeling is present in sorue ruetabolic 
pathways and it has some c1ear advantages for certain 

TABLE 7 

Growth Ratcs (P) ofpgiandgndMutants of E. coli 

Strain Genotype ¡.lo % 

JMIOI Wild type 0.71 lOO 
SMI4 JMIOI pgi- 0.10 14 
SM6 n.,.nol gnd- 0.57 80 
PBI2 PTS-Olc+ 0.42 lOO 
SM31 PB12pgi- 0.29 69 
SM8 PB12gnd- 0.39 93 
PBI3 PTS-Olc+ 0.49 lOO 
SM32 PB B pgi- 0.35 71 
SM9 PBl3 gnd- 0.02 4 

• In h -1, obtained on M9 medium supplemented with 2 g/L glucose. 
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metabolic features (Mendes el al. 1996; Vértessy el al. 1997; 
Edwards, 1998; Spivey and Ovádi, 1999). The GalP-Glk 
proteins replacing the PTS system in the PTS -Glc+ mutants 
may not cbannel glucose 6-phosphate to the glyeolytie 
enzymes in tbe cell; perhaps as part of the selection process 
to use glueose (F,1ores, 1995), the PTS -Glc+ cells apparently 
bave raised the ·levels of Pgi and Zwf enzymes to aebieve 
high glucose 6-pbosphate eatabolie rates. 

The glucose transport capacity of tbe E. coli PTS - strain 
PBll is 10 times lower than that of the wild-type JM101 
stram. 13e labeling and NMR teehniques allowed us to 
determine metabolie fluxes in PB 11, showing that this strain 
directed a higber earbon flux in the PP pathway and showed 
a higber conversion of glueose to e02 through the TeA 
cycle compared to the wild-type strain. The low glueose 
transport capaeity in the PB 11 strain may leave the bacteria 
with a low concentration ofmetabolic intermediates and the 
observed carbon flux distributiop may reflect the metabolic 
routes witb high substrate affmity or those best organized 
by substrate channe1ing. In tbe case of the bigh carbon flux 
through tbe PP-oxidative braneh in the PTS - PB11 strain 
(58% of carbon usage compared to 22% in tbe wild-type 
JM101 strain), a simpler explanation could be tbat in PB11, 
tbe glucose utilization is low and limited before G6P; the 
reaetion catalyzed by Zwf is irreversible with a relatively 
low ~, thus leading to more carbon usage wben competing 
witb Pgi for tbeir eommon substrate G6P. 

The Pgi and Zwf enzymes compete for glueose 6-phos
pbate as a substrate. While Zwf eommits tbe carbon flux 
tbrough tbe oxidative braneb of tbe pentose phosphate 
patbway, Pgi cbannels carbon into tbe glyeolytie pathway. 
The bioebemical data obtained from speeifie enzyme aeti
vity measurements allowed us to propose tbat tbe central 
carbon metabolism in tbe PTS -Glc+ strains has changed 
eompared to the wild-type strain JM101. The data showed 
an inerease in both the Pgi- and the Zwf-specifie aetivities 
for tbe PTS-Glc+ strains; bowever, the Pgi/Zwf quotient, 
wbicb was 8 for the wild-type strain, increased to 21 and 15 
in PB12 and PB13, respectively. This result suggests that in 
these mutant strains, tbere sbould be an increase in carbon 
flux through the EM pathway and eonsequently a deerease 
in carbon flux tbrougb the PP patbway. Nevertheless, the 
extent of tbe modifieation of earbon fluxes around the 
glueose 6-pbospate node eannot be evaluated utilizing only 
tbe Pgi- and tbe Zwf-speeifie aetivity analysis. 

We tberefore applied 13e labeling, NMR, and mathe
matieal modeling allowing us to determine tbat tbe carbon 
flux tbrough the oxidative braneh of tbe pentose phospbate 
patbway was deereased from 22% in JM101 to 5% in 
PB12 and 10% in PB13, even while tbe Zwf-specifie aetivity 
was 48 and 74% bigher, respeetively, in tbese mutant 
strams. 

Flores et al. 

The flux analysis also showed tbat Gnd is the main ribose
producing enzyme in PB13. The interruptioo of tbe gene 
that codes for this enzyme in PB13 makes tbis strain ineap
able of growing 00 glucose as the carbon source; bowever, 
the same modifieation in PB12 and JM101 eaused no major 
ehanges in the growth rateo These results were also inferred 
from the NMR data aod mathematical modeling, which 
predieted that in PB12, ribose 5-phospbate synthesis is sbared 
by Gnd and the oonoxidative braneb of the PP (i.e., Tkt). 

Another interesting result obtained from the NMR mea
surements and mathematical modeling is that tbe carbon 
flux through the malic enzymes was esseotially absent in tbe 
wild-type strain, wbile earbon flux througb tbis enzyme was 
4 aod 10% io the two PTS-Glc+ mutant strains. These 
effeets eould be seen as a eompensatory meehanism in tbese 
mutaot strains for the impaired syntbesis ofNADPH due to 
the reduced earbon fluxthrough the oxidative brancb oftbe 
pentose phosphate pathway. 

It is importaot to notice that in tbese two mutants a 
second compensatory mechanism was found to operate at 
the level of the TeA eyc1e. Due to the inerease of the carbon 
flux through the malie enzymes, the TeA cycle is to sorne 
extent depleted of oxaloacetate. The way the cell apparently 
responds to tbis situation is by inereasing the net syntbesis 
of oxaloacetate from PEP by down-regulating carbon 
depletion of the TeA eycle by tbe Pck enzyme. These 
metabolie differences present in the mutant PTS -Glc+ 
strains eould well refleet the normal capacities of the cell to 
reaet to and eompensate for ebanges in metabolism imposed 
by different physiologieal eonditions that are flxed in tbese 
mutaots. Finally, the ebaraeterization of tbese strains as 
performed in tbis study willlikely allow a better design for 
the eonstruction of more robust strains for overproduction 
purposes. 

APPENDIX 

Multiplet Composition (eC. Szyperski, 1995) for Se1eeted 
Carbons, Extracted from 2D NMR Speetra 

Abbreviations used: S, singlet; da, doublet witb tbe larger 
scalar coupling; db, doublet with tbe smaller scalar coupl
ing; dd, doublet of doublets or triplet; ddd, doublet of 
doublets of doublets. 

(a) Strain JM101 

Catom s da db dd ddd 

Cytidine-1 ' 00408 0.592 
Histidine-5 00455 0.545 
Histidine-3 0.075 0.032 0.427 0.467 
Histidine-2 0.055 0.068 0.026 0.851 
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Uridine-4' 0.102 0.898 Aspartate-2 0.328 0.263 0.200 0.209 
Uridine-5' 0.536 0.464 Aspartate-3 0.333 0.263 0.213 0.191 
Glycerol-1,3 0.552 0.448 Threonine-4 0.458 0.542 
Glycerol-2 0.048 0.123 0.829 Glutamate-2 0.331 0.258 0219 0.192 
Glycine-2 0.123 0.877 Glutamate-3 0.383 0.467 0.150 
Serine-2 0.056 0.183 0.072 0.689 Glutamate-4 0.356 0.359 0.147 0.138 
Serine-3 0.688 0.312 Proline-2 0.336 0.264 0.212 0.188 
Phenylalanine-2 0.051 0.031 0.057 0.861 Proline-5 0.137 0.863 
Phenylalanine-3 0.520 0.410 0.069 Tyrosine-J 0.363 0.494 0.143 
Alanine-2 0.037 0.024 0.086 0.853 Tyrosine-e 0.234 0.336 0.430 
Alanine-3 0.651 0.349 
Leucine-2 0.517 0.291 0.123 0.069 (e) Strain PB12 
Leucine-3 0.393 0.507 0.100 
Isoleucine-2 0.383 0.415 0.101 0.101 Catom s da db dd ddd 
Valine-2 0.097 0.682 0.040 0.181 
Valine-3 0.035 0.508 0.329 0.128 Cytidine-1' 0.753 0.247 
Aspartate-2 0.293 0.175 0.185 0.347 Histidine-5 0.824 0.176 
Aspartate-3 0.403 0.201 0.227 0.169 Histidine-3 0.102 0.034 0.595 0.269 
Threonine-4 0.436 0.564 Histidine-2 0.Q45 0.074 0.ü10 0.870 
Glutamate-2 0.370 0.212 0.204 0.213 Uridine-4' 0.115 0.885 
Glutamate-3 0.222 0.499 0.278 Uridine-5' 0.631 0.369 
Glutamate-4 0.453 0.250 0.194 0.103 Glycerol-l ,3 0.535 0.465 

Proline-2 0.379 0.211 0.230 0.180 Glycerol-2 0.017 0.095 0.888 

Proline-5 0.052 0.948 Glycine-2 0.135 0.865 

Tyrosine-J 0.486 0.432 0.082 Serine-2 0.048 0.176 0.072 0.704 
Tyrosine-e 0.123 0.291 0.586 Serine-3 0.685 0.315 

Phenylalanine-2 0.050 0.026 0.062 0.862 
Phenylalanine-3 0.510 0.412 0.077 

(b) StrainPBll Alanine-2 0.043 0.029 0.088 0.840 
Alanine-3 0.656 0.344 

Catom s da db dd ddd Leucine-2 0.524 0.276 0.133 0.068 
Leucine-3 0.330 0.535 0.135 

Cytidine-l' 0.448 0.552 Isoleucine-2 0.432 0.349 0.121 0.099 
Histidine-5 0.521 0.479 Valine-2 0.097 0.681 0.035 0.187 
Histidine-3 0.250 0.056 0.328 0.367 Valine-3 0.045 0.430 0.350 0.174 
Histidine-2 0.104 0:174 0.002 0.721 Aspartate-2 0.298 0.181 . 0.242 0.279 
Uridine-4' 0.342 0.658 Aspartate-3 0.341 0.188 0.253 0.219 
Uridine-5' 0.393 0.607 Threonine-4 0.368 0.632 
Glycerol-l,3 0.457 0.543 Glutamate-2 0.348 0.188 0.238 0.227 
Glycerol-2 0.065 0.238 0.696 Glutamate-3 0.209 0.497 0.294 
Glycine-2 0.340 0.660 Glutamate-4 0.380 0.207 0.262 0.151 
Serine-2 0.175 0.280 0.157 0.388 Proline-2 0.341 0.192 0.242 0.225 
Serine-3 0.651 0.349 Proline-5 0.068 0.932 
Phenylalanine-2 0.122 0.046 0.152 0.681 Tyrosine-J 0.462 0.435 0.103 
Phenylalanine-3 0.418 0.477 0.105 Tyrosine-e 0.113 0.284 0.603 
Alanine-2 0.089 0.063 0.200 0.649 
Alanine-3 0.515 0.485 (d) StrainPB13 
Leucine-2 0.428 0.376 0.099 0.097 
Leucine-3 0.544 0.392 0.064 Catom s da db dd ddd 
Isoleucine-2 0.413 0.360 0.111 0.117 
Valine-2 0.226 0.535 0.082 0.156 Cytidine-l' 0.672 0.328 
Valine-3 0.084 0.574 0.217 0.125 Histidine-5 0.754 0.264 
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Histidine-3 0.095 0.036 
Histidine-2 0.041 0.077 
Uridine-4' 0.124 0.876 
Uridine-5' 0.575 0.425 
Glycerol-l,3 0.540 0.460 
Glycerol-2 0.030 0.098 
Glycine-2 0.130 0.870 
Serine-2 0.044 0.108 
Serine-3 0.659 0.341 
Phenylalanine-2 0.049 0.021 
Phenylalanine-3 0.511 0.416 
Alanine-2 0.051 0.030 
Alanine-3 0.645 0.355 
Leucine-2 0.512 0.278 
Leucine-3 0.368 0.523 
Isoleucine-2 0.405 0.382 
Valine-2 0.108 0.672 
Valine-3 0.041 0.~6 
Aspartate-2 0.298 0.113 
Aspartate-3 0.379 0.193 
Tbreonine-4 0.390 0.61,0 
Glutamate-2 0.366 0.192 
Glutamate-3 0.213 0.496 
Glutamate-4 0.425 0.232 
Proline-2 0.377 0.197 
Proline-5 0.077 0.923 
Tyrosine-o 0.452 0.444 
Tyrosine-e 0.109 0.285 

0.538 
0.005 

0.066 

0.061 

0.093 

0.141 

0.107 
0.038 

0.211 
0.233 

0.226 

0.225 
0.223 
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We report the c10ning of the pykA and pykF genes from Escherichia coIi, which code for the t\Vo pyruvate 
kinase isoenzymes (ATP:pyru\"ale 2-0-phospholransferases; EC 2.7.1.40) in this microorganismo These genes 
were inserlionally inactivaled with anlibiolic resistance markers and utilized to interrupl one or both pyk genes 
in the E. coIi chromosome. 'Vilh these construclions, \Ve werc llble to study the role of these isoenzyllles in 
pyruvate biosyn thesis. 

Pyruvate is a key intermediate in c;llaholic anel bin~ynthetic 
reactions, a 1\(1 this is the rcason \\'h)' the re élre several llIeta
bolic mutes that can deliver this CL1l11pounel (Fig . 1) . Esdle
riel,ia coli , \\'hen growing on gluCúse as the only carbon sLlurce, 
synthcsizes most of its pyruvate through the coupkel mecha
nism of glllcose transpon by the phospholrnnskrase lransport 
SySlel1l (PTS or PT SySlem) (5) . During this process, lhe pllllS
phate group from phosphoenolpyruvate (PEP) is lransfcrrt:u 
to glllcose, generaling pyruvale anel glucose-6-phosphate (9, 
10). Pyruvale can also be synthesizeel from gluconale lhrough 
the Entner-Doudoroff pathway (3). Anoth¿or mechanism to 
synthesize pyruvate is Ihrough the action of pyruvate kinase 
(ATP:pyruvate 2-0-phosphotransferase; EC 2.7.1.40), which 
catalyzes the conversion of PEP and ADP into pyruvate anel 
ATP, at Ihe final stage of the glycolytic pathway. In E. coli, 
there are t\Vo pyruvate kinase isoenzyll1cs, PykF anel PykA , 
encoeleel by the pykF anel pykA genes . respecti vely. 

Garrielo-Penierra and Cooper have reponeel th,lt in 1:-. coli , 
uneler aerobic conditions anel in tlJe absence 01' pynlv,llc kinase 
activities, a functioning PT system can proviele enough pyru
vate to sustain wild-type normal growth rat cs. In lIJe sallle 
report , it was mentioned that the absence 01' PykA did not 
secm lo af['ect growth on any of many cmbon sources; the rc
fore , in that study, the role of PykA \Vas not c1early e1cfineel (4) . 

\Ve report here Ihe c\oning of both pykA anel pykr stl'uctur,tI 
genes I'rom E. coti and the construction amI analysis of strain 
derivatives in which the chromosoll1al copy of olle or both 
genes was interrupted by antibiotic resistance markers. \Ve 
present data on ceH growth erIeets of these lIlutations, in the 
wild-type background and in strains that lack Ihe PT system but 
are capable of glucose transport by lIsing the galactose per
mease (GaIP) (2). Results obtained strongly suggesl that, at 
Ieast under conditions where glucose is the only carbon source, 
both pyruvate kinase isoenzymes have an active role in pyru
vate biosynthesis, but it appears that the PykF isoenzyme con
tributes to a greater extent. As expected, a double pykA pykF 
mutant is capable of growing on glucose and on gluconate but 
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biología Molecular, Instituto de Biotecnología, Universidad Nacional 
Autónoma de México (UNAtvl), Apdo. Postal 510-3, Cuernavaca, Mo
relos 62271, México. Phone and fax: (52) (73) 17-23-99. Electronic mail 
address: valle@pbr322.ceingebi.unam.mx. 

inCap¡lble of growing on ribose as the only carbon source, amI 
the triple pIS py/.:.A J1Ykr mutant is capable of growing on glu
CLlnate but incap¡lble of growing on glucose or rihose. 

Cloning anel scqtlencing of Ihe E. coli pykA and pykF stl'llC
ttlral genes. Using PCR standard technigues and primers spe
citic for both of Ihe two pyruvate kinase genes, we cloned these 
t\\O structural genes into plasmids. The nucleotide sequences 
of both genes were obtained and were found lO be almost 
identical lo the dcposited seguences (GenBank release 86.0) 
(data not shown). 

Generation of pykA. and pykF ¡nsertional inactivation mtl
tants. E. coti mutants altered in one or both pyk genes \Vere 
isolateel afler insertional mutagcnesis of Ihe pykA or pykF 
gene. This was performed by lIsing antibiotic resistance GIS

settes (Table 1). These insertional lIlutatilllls \Vere separately 
integrateel into Ihe chrolllosolllC of L cvli ATCC 47002 (r
I'ccB-2/ rccC22 sbc-15 lel/-6 ara-U lris-4 A -) (8) atICl subse
quently lransduceel into strain JM 101 [SI/pE Ilri D.(l(/c-prvAB) 
(F' lraD36 proAB lacl'IZD.M 15)J or PBJ2 [same as JM 101 bul 
D.(plsH-I-crr)::kan; G\c+]. Chrolllosomal gene interruptions 
were confirmed, in aH cases, by Southern hybridization (data 
not shown). 

Errccl or pyk and pIs mutations 011 cell growlh on gltlcosc as 
the only carboll soun:c. To stuc\y the relative roles of the t\\"o 
Jly/.:. genes ancl their rroducts in ceH melabolism, one or bllth 
genes were interrupteel in the bacterial chormosome. Abo, 
bec<luse the PT system is the major source of pyruvate in E. coli 
(5), we isolatec\ a mutant capable of glucose transportation 
throllgh the GalP permease (2), in a background strain that 
carries a deletion of Ihe PT system (a deletion mulant lacking 
plsH,pISI, and (rl' genes) (6). Using thispls Glc+ mutant PB12, 
we separately incorporated each or both of the pyk mutations 
in this background. When these strains were grown in a 6-liter 
fermentor \Vith M9 medium supplemented with glucose anel 
Casamino Acids (11), no differences in growth patterns were 
observed for any of them; all grew as well as the parenlal strain 
JMlOl (data not shown). However, if the M9 medium used did 
not contain Casamino Acids, interesting differences were ob
served. In this type of medium, all cultures of mutants and 
parental strains reached Ihe same final optical density (data 
not shown). However, strains carrying pyk or pIS mulations 
presenled difl'erent growth rates, reported here as the genera
tion time (ID) obtained during the exponential growth phase 
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(Table )). Strains carrying the single pykA or pykF mutations, 
in a wilcl-type (Pts+) background, showed a slight increase in 
their ID in comparison with the parental strain. The slmin 
carrying the double pykA pykF mutation showed a ID 40% 
higher than that observed for JM101 (Table 1). The wild-Iype 
strain and the single pyk mutants needed 7 and 8 h, respec
tively, lo reach maximum cell density (data not shown). PB12 
(PIS G\c+) showed a ID oC 106.4 min (80% higher than the ID 

oblained for the wild-type strain and 40% higher than that for 
the strain carrying the pykA pykF double mutation). The ID 

obtained for the pis pykA mutant (98.5 min) was similar to the 
ID of the slrain carrying only the piS deletion, and this double 
mutant also took the same time to reach stationary phase. 
However, the introduction of the pykF mutation into the pis 

(Glc+) background had the strongest elIect in slowing cell 
growth . This strain showed a ID of 141 min (an increase of 
almost 140% over the ID shown by the wild-type strain). Fi
nally, as expecled, the triple pis pykA pykF mutant was inca
pable of growing on glucose as the only carbon source (Table 
1). 

Measurements of the two pyruvate kinase specific activities 
in the pyk nnd pis rnutants on glucose as the only carbon 
source. The specific activities of both pyruvate isoenzymes 
were rneasured for the wild type and the pyk and pis mutants in 
the same set of experiments as those described aboye, by the 
method reported by Malcovati and Valentini (7). The results 
presented in Table 1 show that under these conditions, in the 
wild-type strain the specific activity of the PykF enzyrne was 
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TABLE 1. IDS, pyruvate kinase specific activities, and comparativc growth on dilfcrcnt carbon sources for the wild type and strains carrying 
the pyk and pIS mutations 

Sp act (IU/mg of prot.:in)" Comparativ~ growth on carbon 
Slrain (d.:scription) rl> (minY' sl)lIrc~/): 

PykF PykA Glucose Ribose Gluconatt! 

JMIOI (wild Iype) 5S.8 :': 2.10 0.42 :': 0.03 0.026 :': 0.002 +++++ +++++ +++++ 
PB22 (same as JMIOI bul pykA ::caf) 69.3 :': 3.95 0.50:': 0.04 ND ++++ ++++ ++++ 
PB2-1 (same as JM IOlbul pykF::cal) 69.4 :': 1.72 ND 0.029 :': 0.003 ++++ +++ +++ 
PB25 (s:lme as JMIOI bul pykA ::kan" pykF::car) 82.2:': 0.60 ND ND +++ ++ 
PBI2" (s:lme as JMIOI bul 6.(prsH-I-cn}:ke/ll; GIc+] 106.4 :': 2.79 0.25 :': 0.02 0.037 :': 0.003 +++ ++ ++++ 
PB26 (s:lme as PBI2 bul pykA::car) 98.5:': l.ó2 0.25 :': 0.03 ND +++ ++ +++ 
PB27 (s:lme as PBI2 bul pykF::car) 1-11.0:': O.OÓ ND 0.0-12 :': 0.004 ++ + ++ 
PB28 (same as PBI2 but pykA ::car pykF::gel/) ND ND + 

tr Da!a are- prc:sl.! ntc.:d as Ihe avcragC' oC 1\\'0 lO fllur indc.:p~nd~nt nle'asurc-rnc.:nts. Culturc.:s wc:rc.: grown acnJbically in (l 6·litc.:r fc:rmentor in M9 rncdium slIppkmc.:ntc.:d 
",ith gluco;t! as the only carbon source. NO, nO! dc'lcctt!d. 

/. Tht! grl""lh rt!sponsc "'as obst!rvcd afIa 48 h 01' culti\atil)n at 37'C on minimal medium pl.Hes supplcmcnlcd with eitht!r glucose (10 mM). rihose (15 m:'\I). or 
gluwnatc (Ill mM) as the only carhon source. 

,. The chk>ramphcnicol resistanct! gc'nt! was obtained, as a SlIlal fragmt!nt. I'rol11 plasmid PCATI9 (1). 
"Thc' bnamycin rcsistancc gt!nc was obtaincd. as a nalllHI fr"gmt!nt. from plasmid p;-';KSb~ (13). 
" An arti~l~ gi\'illg a dcscription anu analysis 01' this str:lin is in rr~rarJtion (2). 
I Thc gcnlamycill rcsist"n,'c gene "'as Oht"ill.:t as a S/l/a! fragmcllt. fmm plasl1Iid pG1>.IOI (12). 

more th~Hl 15 times higher than that ot' the PykA isoenzyme. 
\Vhen one of the t\\'o pyk genes was intcrrurtcd, the enzymatic 
kvel ot' the remaining pyru\'ate kinase \Vas slightly incrcast:d. 
Interestingly, strains with the pis background showecl c1itTcr
enees in both pyru\'ate kinase spcciAc activities in comparison 
with Ihose in the parental ancl single pyk backgrounds. In the 
piS b:lckground, the PykF spccitic activity ckcreasecl from 0.42 
1 U/mg of protein (in the parental strain) to 0.25 1 U/mg of 
protein. On thc other hand, the PykA specific activity in thepls 
background increased slightly over the kvel in the wild-typc 
strain (Table 1). 

The results presented thus far c1emonstrate that lInder the 
growth conditions tested, with glucose as the only carbon 
source, mul<ltions in one or both Jiyk genes c1icl alfect cell 
growth kinetics in strains with a functional PT system. Thesc 
elt'ects wen: most obvious in the pykF JiykA c1oub\c mutan!. 

These results are in agreement with the rro[1osition that E. 
('oli in fact neecls both pyruvate kiflases to reach ma:ximal 
gro,,"th rate s (Tablel) . However, cultures of the pyk mutants 
finally reached the same final optical density as c1ic1 those of the 
parenta l strain J M 101 (data not shown). One e:xplanation for 
these results could be that the PT system and the two pyruvate 
kinase enzymes are coordinated in order to maintain a very low 
level of PEP, an allosteric regulator of several glycolytic t:ll
zymes ancl thercfore a key intermediate in the biosynthesis of 
pyruvate and glucose 6-phosphate_ 

A deletion of the PT system, on the other hand, callsec1 a 
strong increase in the generation time in comparison with that 
of the parental strain, Interestingly, the PykF specific activity 
decreased 40'70 in the pIs background compared with the ac
tivity in the wild-type strain, while in the same background the 
PykA specific activity increasecl approximately by the same 
percentage. Nevertheless, in the pIs mutant, under these con
ditions, the PykF specific activity was still eight times superior 
to that of PykA. 

In addition, it \Vas observecl that both pyruvate kinase isoen
zymes maintained the same specific activities throughout the 
exponential and stationary phases in each particular strain 
(data not shown), These results sllggest that both Pyk enzymes 
are important throughout the life cycle of the organism and not 
only in a particular phase_ 

Elfects of pyk nnd pts mlltations on cell growth on other 
carbon sourccs. When ribose, a non-PT system sugar, \Vas lIsecl 

as the only carbon source (Tabk 1) , single ¡¡ykA or pykF mu
tants \Vere capabk of growing 011 this sugar. Howevcr, the 
strain carrying the doubk pykA pykF mUlation was un:lblc to 
grow 011 ribose but capablc of gro\\'ing on gluconatc, which is 
catabolized through the Entner-Doudorotr pathway to yield 
pyruvate (3). The double pykA pykF mutant did not grol\' on 
ribose because it lacks the abilily to produce pyruvate_ How
evcr. if the E. coli strain carries only one of the pyk mutatiolls, 
the strain is capable or growing on rihose beca use pyru\'ate is 
synthesized via the remaining pyruvate kinase (Fig. 1). Finally, 
it is important to notice that a pykA strain grew better than a 
flykF strain with ribose as the only carbon source (Table 1) . 

Taken together, these results suggest that bnth pyruvate 
kinase isoenzymes have active roles in pyruvak biosynthesis, 
but it aprears that the PykF enzYlllc contributcs to a greater 
extcnt. Sinee ryrm'élte is a kcy intermcdiate in cell metabolism, 
it is important for the bacteri ,t! celllo have several alternatives 
to allow its synthesis. These difTen:nt mechanisms are probably 
dinúentially regulated in order to have adequate responses to 
environmental changes. 
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The phosphoenolpyruvate (PEP) node represents a metabolic crossroad where carbon is distributed into several 
metabolic path~"ays. This node is specially important for the industrial production of several metabolites. Depending 
on the organism and its habitat, the enzymes that utilize PEP are regulated by different effectors, and each branch 
of the node is important in PEP consumption. In this review we will focus our attention on the metabolic diversity 
of this node. 

Keywords: central metabolism; glycolysis; bacterial metabolism; metabolic engineering 

Introduction 

Lik processes c1erend on lile el itleren 1 funclions lllal rro
leins, nucleic aciels ancl carbollydrales are capahle 01' rro
viding. Desrile lheir cOl1lrlexil)'. lhese l1lacromolccules are 
conslrucled by joining logelller a variely 01' silllrlcr unils. 
These unils, Oi' builelillg blod.s, are oblained lhrough 
diverse celllllar calabolic amI bios)'nlhelie mules. However. 
regarclless whiell melabolic roules an organislll uses, aJl 
ceJls s)'nlhesize lhe rnJlowing lwelve precursur Illelaboliles: 
g lucose-6-phosrll~lle, fruclose-6-rllllsrhale, ri bose-5 -rhos
rhalC, erylhmse-4-phosrhale, lriose-rhosrhale, 3-rhosrho
glyccrale, phosphocnolpyruvale, ryruvale, acelyl CoA, (Y

keloglularale, succinyl CoA ancl oxaloacelale. 
During balanecd growlh, each cell-lype has evolveel con

lrol ll1echanisrns lO gllaranlee lh~ll ils major cOl1lponenlS 
remain relalivel)' rroporlional lO olle anolher. Thesc l1lech
anisllls shoulcl operale lo assure lhc rroper elislribulion 01' 
rrecursors lo all bios)'lllhelic roules. FlIrlherl1lore, lhese 
conlrol rnechanisms need lO be flexible enough lo assure 
lhal uneler non-balancee! gro\\'lh condilions, an adeqllale 
dislribulion of l1lelaboliles is mainlained. Olle way lo fulfill 
bOlh reqllirelllenls h¡lS been lhrough Ihe activation anel/ol' 
inhibition of key cnzyllles by allosteric efkctors. These 
etleclors can be products 01' energy ll1etabolism sllch as 
AMP, ATP or NADJ-I. Other intermediary metabolites like 
pyruvate (PYR), rhosphoenolpyruvate (PEP). aeetyl-CoA 
and asparlate control speei ne points ol' some of the meta
bolic routes involved. 

For these reasons, it is important lo understand how dif
ferent mieroorganisl11s regulate ftuxes through their primary 
metabolic routes. 11 is well known that, depending on the 
mieroorganism and its habitat, metabolie flux patterns can 
be different. For the applied sciences, knowledge aboul 
cellular metabolie fluxes and regulation of end-produet for
mation is especially important at the present time. The 
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di \'ersi ly 01' m icroorgan i SIllS orrers an enorlllous sou rce 01' 
enl.)'lllcs with elillcrcnt rropcrlies thal m'l)' be usec\ to 
illlrro\'C c(lmmcrci~¡) rrodllcts 01' rroduction prnccsses. Fur
tllerlllore. cnzylllcs may be Illodilied 01' nc\\' gcncs can be 
rccruitcel to eonstruct ne\\ Illelabolic ratllways. 

In lhis raper \Ve will rc\'iew sume aspccts 01' the enzymes 
tltal ulilize PEf' as sulblratc. PEP is a key intel'lnediale rol' 
lite hillsynlltesis 01' se\'cr.¡) important comroulllls. This stra
tcgic nnde Itas bccn studied extellsi\'d)' in CoryJl<:/Ju('/criIllJl 
glll/lIl1liclIlIl 1I ~.14,3~ 1 anel in E\cl!cr;cl!iu ('olí 1 n ,281, 
Frolll lite ennrnlllUS anlllunt 01' inrormation thal exisls about 
cenll'al Illclabolislll, \\'C ha\'c sekL'lecl those rekrenccs th'lt 
make our points clear. This is not an exhausti\'c rcvic\\', 
but one which hopct'ully eneouragcs more rese'lrelt inlO 
bacterial metabolisll1, ancl more interest in taking ael\'antage 
01' the ill1mense supply of enzymes anclll1etabolic stnttegies 
that Nature can provide, 

Two questions will be ac\dressed: how diverse are the 
enzymes that p'lrticipate in the PEP node?; ancl ho\\' can 
\Ve bendlt frol1l this di\ersity? \Ve \ViII focus our discussion 
basically on bacteria. bul. in a few inslances, \Ve \ViII also 
use such examrles as plant systcllls. Among tite bacteria 
\VC \vill illilially rocus our eliscussion on E ('oli mctaholism, 
considering Ihat 110 other microbc Itas bccn studiec\ in such 
elctail, wllere more than S07c of the cell's Illetabolic mutes 
are kno\\'I1, ancl l11{1re Ihan 60'¡¡' 01' its gel10me sequeneed. 
Froll1 there, diseussion will be expandec\ to SOl1le other sys
tems. 

The phosphoenolpyruvate node 

Glueose can be used by the cell to provide al! the carbon 
skelelons needed to synthesize the twelve precursor metab
olites mentioned, which are formed through the eoncerted 
aetion of the glyeolytie, pentose phosphate and triearbox
ylie aeid (TCA) pathways [20]. Several biomoleeules are 
derived from PEP (Figure 1), and it is one of the most 
important nodes for carbon distribution in al! living eells. 
In E. eoli, PEP is lItilized basically by the reactions sumll1a
rized in Figure 2. The phosphotransferase transport system 
(PTS) is the major PEP eonsumer and PYR produeer, while 
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Figure 2 Dislributioll of rhasrhocllolpyrllvalc (PEP) in Esc/¡cric/¡iu coli. 
Thc' r~n:.:ntagcs were l'akulated rrol11 data reponed by Holms III J. 

the phosphoenolpyruvate carboxylasc (PpC) anel pyruvate 
kinasc (PK) enzymes consume 16.2% nnd 14.5% of PEP, 
respectively. Only 3.3c¡¡. of the PEP is c1ivertccl to aromalie 
compound synthesis [11]. 

The faet that an important portion ol' the stlldies on 
metnbolism has been done in yeast, or in E. coli, could lead 
to the conclusion that central metabolislll is based on the 
glycolytic or Embden-Meyerllof-Parnas (EMP) pathway. 
However, there are two alternative routes for glucose utiliz
ation: the hexose monophosphate shunt (HMS) and the 
Entner-Dolldoroff (ED) pathways [20]. The HMS pathway 
oxidizes glucose to COl and glyceraldehyde-3-phosphate, 
which in turn, can be directed into the TCA cyc\e via 
pyruvate by the EMP enzymes, providing NADPH and pre
cursors for nllcleotide and aromatic compollnds biosynth
esis. In bacteria like E. coli, this metabolic route consumes 
arollnd 30% of the glllcose-6-phosphate [1 n. ln certain 
microorganisms Iike Thiobacillus novel/LIs and Bmcel/a 
abor/L1s, which lack the key enzymes of the EMP or ED 
pathways, the HMS route has a central role in glllcose 
assimilation [20]: Likewise, it was recently demonstrated 
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that in CorYllebaclerill/JI gllllGlnicll/JI, the HMS path\vay 
abo has a major role, even though this microorganism has 
a functional EMP pathway [18]. 

Another rou'te for glucose assimilation is the ED pathway 
which is widely distributed among bacteria. As in the HMS, 
the first intermediate in the ED path\\'ay is 6-phosphoglu
conate. Two additional enzymes metabolize 6-phosphoglu
conate into pyruvate and glyceraldehyde-3-phosphate. In 
many Pseudomollas species and in Zyl1IOIIIOllaS, the 
Entner-Doudoroff pathway is the main glllcose assimilat
ory route [15,35]. In microorganisms that utilize the HMS 
or ED metabolic routes to assimilate glucose, the impor
tance of the PEP node and the allosteric regulation of the 
en7.ymes involved, will be different than in cells usillg the 
EMP pathway. 

The phosphotransferase transport system 

When E. coli is grown in minimal media with glucose as 
lhe 011 Iy carbon source. tlle earbo'l1ydrate is transported 
insick the cell by the PTS. Concomitantly to its transporto 
glucose i,s phosphorylated tn glueose-6-phosphate. the first 
intermediate 01' the glyeolytie pathway (Figure 1). The PTS 
is also involsccl in transport anel phosphoryhllion 01" a large 
nUlllbcr of carbohyclrates, in signal transcluetion cluring 
ehcl110taxis Ill\vard certain cmbohydrates, amI in the global 
rcgulation 01' many metabolic pathways [30J . 

I'TS is itn eXlrel11dy cffieicnt uptake systcm; for 
cxal11plc, ir a transportable sugar is present in the I11cdiul11 
al a concenlnttion as low as 0. 1 p.M , PTS has the theoretical 
potcntial to accumulate the sugar against the concentration 
graclient up to 100 mM [26] . SlIch transport systems are 
essential for microorganisms living in media where carbo
hyclrates are scarce. On the other hand, microorganisms that 
live in sugar-rich environments clo not necessarily have 
PTS. For example, Zyll/oll/onCls II/obilis has a constitutive 
low-aflinity high velocity facilitatecl diffusion system [5J: 
glucosc is phosphorylated by glucokinase anc1 metabolized 
through the ED pathway. Studies of the c1ifferent properties 
of el17.ymcs involvccl in glucose mct<ibolism in Zyll/O/l/OIlClS 
have shown that they are operating at their near-maximal 
capacity, with no substantial nllosteric control of the key 
clll.ymes 136]. 

T'he raet that PTS consumes at least 509'c 01' the PEP 
l11acle from glucose rcpresents nn important problel11 from 
the industrial point of view, since it decrcascs the avail
ability of this intermediate for other reactions, such as aro
matic compound synthesis. For example, it has been calcu
lated Ihat for tryptophan (Trp) synthesis, the achievable 
yield from glucose in a strain with an operating PTS (ie 1 
mole of PEP per mole of glucose assimilated) is 20%_ On 
the contrary, if PEP-consuming PTS was not involved and 
both PEP moles were available for Trp synthesis, the yield 
could be increased up to 41.8% [9]. This example clearly 
shows the importance of increasing the intracellular PEP 
availability for the synthesis of commercially important 
moleclltes. For example, it was demonstrated recently that 
an E. coli mutant devoid of the PTS, but capable of glucose 
transport by a non-PEP consuming mechanism, was able to 
redirect 50% more of its PEP into the aromatic aminoacid 
pathway [7]. These results demonstrate that it is possible 
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to exploit the metabolic diversity of the ce11 in order to 
construct mutants with new metabolic capabilities. 

An alternative approach to the same problem was perfor
med by exploiting the metabolic diversity among two dif
ferent bacteria. In this system, the successful transfer and 
expression of the glucose permease and glucokinase struc
tural genes from Z. II/obilis in E. coli pIs mutants, provided 
a new functional pathway for glucose uptake and phos
phorylation. In the same report, it \Vas suggestecl that the 
permease ancl glucokinase genes from Z. lIIobilis, could 
pro\'icle an alternative or supplemental route for glucose 
entry into glycolysis in other microorganisms [31]. 

Phosphoenolpyruvate carboxylase 

Phosphoenolpyruvate carboxybse (Ppc) catalyzes CO~

fi:\ation 011 PEP yielding o:\aloacetate. In mosl bacteria, 
green algae ancl in many plants, the major physiological 
role of this enzyme is to replenish the TCA cycle [3,14,25]. 
According to their properties, :rhe Ppc enzymes have been 
classificcl in three types by Utter and Kolenbr'lmler [341: 
class I comprises those enzymes which are subjeCl to both 
aClil'ation and i:thibition, class 2 includes those proteins 
subject only to inhibition, ancl class 3 those enzymcs that 
are subject neither to activation nor inhibition. For class 3, 
ho\\'ever, there are preliminary studies suggesting that in 
some cases reducecl NADH is an aetivator of the enzyme 
[23J. 

Thc Ppc fmm E. coli, S. IhypllillluI"il/ll/, P. jlll0l"e5eens 
ami several other organisms included in class 1, are acti
vated by acetyl-CoA and inhibitecl by aspanate. Activation 
ol' the class I enzyme by ADP has also been reponed in 
P. cilronelloJlis ancl in A. l'inelaJldii. However, ADP cloes 
not seem to affect Ppc from E. coli [24J. Nevertheless, the 
E. eoli enzyme is allosterically regulated by multiple etlcc
tors such as fructosc 1,6-diphosphate, GTP, ccrtain long
chain-fatty acids ancl malate [41. There are also reports 
describing that, among several other guaninc nuc!cotides 
such as, GTP, GDP, GMP ami ppGpp, the formcr is the 
most potent activator of the E. coli Ppc [33]. 

In contrast, the Ppc from Z. /IIobilis seems to be ditlerent 
and is not affectec! by acetyl Co-A. The enzyl1le is, how
ever, inhihitecl competitively by inlermcdiatcs of the TCA 
cyclc, espeeia11y citratc, n-ketoglutarate amI aspartate [4J. 

As in many mesophilic bacteria, the Ppc enzyme from 
T. oquoliclIs reC]uires Mg2

+, ane! in the absence of acety] 
Co-A, the enzyme is inactive. However, fructose-I,6-
e!iphosphate, whieh activates several of the Ppc enzymes 
in mesophilic microbes, has no effect on Ppc action in T. 
oqllaliclls [3]. 

A NADH-activatee! form of Ppc has been reported in a 
Pselldol1l0llaS strain grown on methylamine. This enzyme 
is not activated by acetyl Co-A, ADP, GDP, or a wide var
iety of other metabolites [23]. 

1t is generally assumed that in several bacterial species, 
the Ppc has an anaplerotic role, replenishing the triearbox
ylic acid cycle (TCA) by supplying oxaloacetate directly 
from PEPo However, in the Chlorobiaceae, a grollp of pho
tosynthetic bacteria, known al so as the green sulfur bac
teria, Ppc has a key role, participating actively in COz fix
ation.,Th-ese bacteria use a unique redllctive TCA cycle that 

converts COl into acet]'l CoA, as ShO\\"Il in Figure 3. This 
pathway is lInique in the sense that it is a tricarbo:\ylic 
acie! cycle that rllns in the re\'erse direction. However. even 
though several ol' the TCA cycle reactions are re\"er~ible, 
three enzymes must be changed in order to drive the cycle 
in the reverse, or reducti\"e direction [10]. Furtherl11ore, the 
ree!uctive TCA cycle has been proposed to be the ancestor 
of all carbon fixation pathways [36], ane! the e\"olutionary 
precursor of the oxidati\'e TCA cycle [17.37J. 

The analysis of Ppc from plants abo offers a rich source 
of diversity. One ol' the major characteristics of plants is 
their ability to fix 'lImospheric COl: the COl fixation can 
be accomplished in two ways: 

(1) In the Calvin Cycle 01' reelucti\"e pentose pho~phatc 
cycle, ribulose-I-5, biphosphate reaelS with COe to pro
duce two molecules of glyceraldehye!e-3-pho~phate 

(PGA) in a reaction catalyzcd by ribulose bipho~phate 
carbo:\ylase (RuDPCase). Because the initial earbon 
dioxicle li."\ation product is a three-carbon compouncl 
(PGA), pl'\llIs \I·ith this lixation paltern are often 
n:Jerrecl to as C, planh. The Call·in cyele OCCUI"S in 
m<ln]' monocotyledons and clicotyleclons, ineluding 
slIch plants as \\heat. rice. sugar bect, spinach. 
soybcans ami tohacco [14J. 

(2) Another pattern ol' carbon clioxick assimilation features 
the produetiol1 of a four-carbon compouncl as the CO e
I1xation product. Plants with this pathway are known 
as C~ plants. In this type of plants, CO~ reach with 
PEP in thc presence 01' Ppc to form oxaloacetate, \\·here 
Ppc plays the key role of CO2 assimilation, as does 
RuBPC in CJ plants. 

It is eviclent that the allosteric regulation 01' the Ppe frolll 
Chlorobiaecae ami C~ planls, should be dillcrcnt from thc 
ones ill microbes where its role is mcrely allaplerotic. Based 
on these elata, amI from the appliecl re,~carch point 01' \'iC\I', 
it is possible to speculate that the use 01' a Ppc en7.yme from 
C~ plants 01' Chlorobiaccae sources, could be an interesting 
approach to clirect more carbon into oxaloacet~lte for the 
overprocluction 01' aspartatc, Iysinc, threonine. methiollinc 
allcl isoleucinc. 

~
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Figure 3 Th~ reductive tricarboxylic acid cycie of the Chlorobiaceae. 
Adapted from [10 and 20]. 
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Pyruvate kinases 

Pyruvate kinases (PKs) catalyze the eonvcrsion 01' PEP into 
pyruvak courled to the synlhesis 01' one moleculc 01' ATP, 
as shown in Figure l. This reaction is the Iast step 01' Ihe 
glycolytic palhway ami il is irreversible under physiological 
conclitions. Together with phosphofructokinase (PFK). PK 
plays a major role in glycolysis regulation [8]. No other 
enzyme of central metabolism has received so much atten
tion as the PK. More than 30 PK slructural 0enes from 
ditTerent sources, ha ve been cloned ancl seguenc~cI. )¡~ many 
cases. the enzymcs have been purifiecl ancl some biochemi
cal ancl kinctic paramcters havc been clcterminccl. One 01' 
the reasons for the interest in PK is that a cleficienc) in 
this enzyll1e Ilwy be the most C0l111110n cause 01' hereclitary 
nonspherocytic hcmolytic anemia in humans [1 ¡. Bcsides 
this anthropoccntric reason. the PK enzymcs providc an 
attractivc moclel to unclcrstancl 50 me aspccts 01' allostcric 
regulation, as well as the moclulation of glycolysis. 

Most bacterial srecics have one PK. However, E. ('ali 
ancl S. /yp/tilllurilllll have two PKs. c1assiflecl as types I ami 
2 basccl on their allusteric regulatioll. In PK typc l. allu
stcric rcgulation is achieved by bincling I'ructose-I.6-
biphosphate (FBP). resulting in increased enzyme activity. 
Without FBP or in the rrcsence of ATP thc enzymatic 
activity is lowcr. The allostcric rcgulators 01' type 2 PK are 
AMP and ribose-5-phosphate. The relative roles of these 
two enzymes have been stuclied in E. ('oli [29]. . 

The crystal structure of the PK type I from E. co/i has 
been determined in the absence of PEP, providing the tri
dimensional structure of an enzyme with a low level of 
activity. Another well known PK is the mammalian muscle 
MI enzyme [13,21]. Interestingly, Ihis enzyme has no allo
steric regulation and its crystallization provides the struc
ture of a PK on its active conformation. The comparison 
of both structures shows that in most parts, Ihey are very 
similar. However, for the transition from the inactive to the 
active form, a cOlllplicated set of domain and subunit 
motions neecl to be induced by the allosteric regulators [19]. 

Along Ihese lines, there have been some efforts lo chanoe 
, e 

the allnsleric rcgublion 01' the PK frol11 13. s/t'al"O//¡cI'IIIO

,,/ti/lIS. For this purpuse. amino acid seguencc cOl11parisons 
bet\\'cen allosterie and non-allosteric PKs frol11 various 
sources. in conjullction with homology mocklling 01' B. s/c

({}'o//tcl'llIop/ti/us PK on mal1lmalian musclc crystal struc
ture~. ha\'c been used as criteria to preclict regions impli
cateel in allosteric regulation [16,22]. 

These t\Vo examples clearly show the advantage of com
paring the structural ancl biochemical diversity among 
cnzymes from different sources, to understand allosteric 
regulation 01' preclict the type of changes that need to be 
introclucecl to CI"eate enzymes more suitable for certain 
arrlications. 

Finally. we point out that rrogress on DNA seguencing 
I11cthoc1nlogics. prO\'ides an enornlOUS Hmount of ncw 
scqucnccs constantly. In this sense, the abunclance 01' amino 
acid seguences reponed can complicate the iclentification 
01' potentially interesting enzymcs. For example. it is com
mon to see rerorts of the seguence 01' a new PK enzymc. 
Normall)'. this scqucnce is cOll1rarec1 \Vith the clata banks 
ami a similarity rcrcentage is calculaled. This could leacl 
tu thc notion that this ncw PK is just '¡¡nother one'. Ho\\'
cver. \\'ith the same data. it is possible to construct él phylo
gcnetic tree. which in turno could provide another type of 
inforl1lation [6]. In Figure 4 we present a phylogenetic tree 
constructed from the al ignmellt of 21 known PK seguences. 
As can be seen, the PK from C. glu/alllic!l1Il is more related 
to Ihe type 2 PKs than to the type I enzymes of E. coli. 
Interestingly, it was previollsly assllmed that the former PK 
was more closely related to the type 1 PKs [12]. This infor
mation could be use fui if some property of a particular PK 
needs to be changed. In Ihis case, in order to facilitate Ihe 
idenli fication of targets for mlltagenesis, it cOllld be more 
advantageous to compare the ami no acid sequences of Ihe 
c10sest relatives. 

lt is also evident from Figure 4 that the PK from the N. 
tnbacl/Ill plastid is more closely related to the prokaryotic 
enzymes than lo the one located in its own cytosol. In this 
sense, it wOllld be interesting to study the biochemical 
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properties of the PKs from plastids, beca use they have been 
under different selection pressures and especially because, 
in this organelle, PK participates in a glycolytic pathway 
that supplies substrates and cofactors for fatty acid 
biosynthesis [2]. 

Conclusion : 

\Ve have reviewed several aspects of the different enzymes 
that utilize PEP as a substrate. Depending on the organism, 
these enzymes are regulated by different effectors in several 
metabolic pathways. The PEP node represents a strategic 
metabolic crossroad where carbon skeletons are distributed 
and directed into various metabolic pathways for the 
biosynthesis of many important cOl1lpounds. Each cell has 
evol ved sophisticated mechanisms to assure the proper dis
tribution of the precursors to all biosynthetic routes and for 
the applied sciences the possibility of modifying these con
trol mechanisms, could yield important rewards. 

In order to reduce the cost of industrial biosynthetic pro
duction of several important co.mpouncls, such as the aro
l1latic amino acicls, it is desirable to increase the flux 01" 
ccrtain carbon skeletons into anel throu~h the aromatic com
pound pathway. This has been accomPíished by using cells 
carrying specific l1lutations anel al11plifiecl genes that clirect 
more PEP into this path\vay [7J. These results clearly indi
cate that it is possible to exploit metabolic diversity to 
clesign ane! construct organisll\s with novel propcrtics. 
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Summary 

The growth kinetics of an Escheric/ria ('oli wild type strain and t\Vo derivative mutants \Vere examined in batch 
cultures and in glucose-limitcd ·chemostats. One mutant (PBI2) had an inactive phosphotranferase transport 
system and the other (PB25) had intcrruptcd py/.:A and py/.:F genes that code for the t\\O pyruvatc kinase 
isoenzymes. In both batch and continuous culture, importanl differcnces in acetic acid accumulation and other 
metabolic activities \Vere found . Compared to the wild typc strain, \Ve observed a reduction in acetic acid 
accul11ulation of 25 and 80% in PB25 and PB 12 strains respectivcly, in batch culture. Continuous culture 
experil11ents rcvealed that compared to the other t\Vo strains. PB25 accumlllated less acetic acid as a function of 
dilution rateo In continuous cultures, oxidoreduct,lsC metabolic activities \Vere substantially affccted in the two 
mutant strains. These changcs in turn were rctlectcd in diflúcnt levels of biomass and COl production, and in 
oxygen consul11plion. 

lntrotluction 

Acetic acid production by Escheric/ria coli strains has 
becn a serious drawback for the commercial production 
of recombinant protcins and chemicals (Han el al. 1991; 
Sun el al. 1993; Gschaedler el (/1. (994). As anuncoll
pler of the energetic process, acetic acid has toxic affects 
on cell growth. In addition, it has a negative impact on 
the yield of products (K oh el al. 1992; Lischke el al. 
(993). Several authors have discllssed the acetic acid 
accllmulation as a carbon overflow mechanism. Appar
ently, under certain growth conditions the TCA cycle is 
not capable of completely managing the pyruvate fluxes 
derived from pyruvate kinase (PK) activities and the 
phosphotransferase system (PTS). This is particularly 
true at high growth rates (Majewski & Domach 1990; 
Han el al. 1991). 

PTS is the most important mechanism for glucose 
internalization in Escherichia coli and in many other 
Enlerobacleriaceae (Bollvet & Grimont 1987). This 
mechanism couples glllcose transport to its phosphor
ylation, by transferring the high-energy phosphoryl 
bond from phosphoenolpyruvate (PEP) to the sugar 
molecule (see Figure 1). The phosphotransferase system 
is extremely effieient and in theory, it could concentrate 
gl11cose up to 106-fold against a concentration gradient 
(Parr & Saier 1992). The glycolytic pathway produces 

t\\·o moles of PEP per mole of glucose assimilated, and 
beca use the PTS uses one of them, only one molecule of 
PEP is lcft for the rest of the reactions that require PEP 
c1irectly. Two important reactions of the central metab
olism consume PEPo One is catalysed by phospho
enolpyruvate carboxylase (Ppc), which converts PEP 
into oxaloacetate (see Figure 1). In the other reaction, 
pyrllvate kinase (PK) converts PEP into pyrllvate. In the 
case of Escherichia coli there are t\\'o PK isoenzymes, 
PKA and PKF. 

As it stands, the present design of central metabolism 
in gram negative bacteria complicates the overprodllc
tion of compounds that require PEP for their synthesis, 
and this is why PTS and PK isoenzymes and their 
respective struetural genes are important targets for 
metabolic engineering. Recently, our group has shown 
that the use of an alternative glucose transport system 
that does not consume PEP for glucose phosphoryla
tion, and the absence of both PK enzymes, positively 
affect the formation of aromatic compounds in Escheri
chia coli (Berry 1996; Flores el al. 1996; Gosset el al. 
1996). Furthermore, the reaction catalyzed by the PK 
isoenzymes has been suggested as an important target 
for metabolic engineering to diminish aeetate formation 
(Goel el al. 1995). 

In the present study we report the kinetic character
ization of, and the production of acetic acid in, two 
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AROMATlC PEP + PEP • i PKF, PKA 

COMPOUNDS 

PYR 

AlP 

CO, AcCoA .L ~ ACHATE 

Figure /. Schclllc showing somc of lhe mClanolic palhways involvcd 
in glucose assimilalion and in lhc formali o n of cerlain prodllclS 
in Esdzcric¡'¡a eoli. Thc hcavy arro"s indi~al~ lhal mllltipk cnzym
alíe rcacliol1S arc invol\'cd . G61' , GllIcosc-6-phosphatc; PE/', 
I'hosphocnolpyrllvalc; Hi\II': monophosphalC shUI1I; E41', Erylhrosc-
4-phosphalc; PYI{, I'yrllvalc: AcCoA: Acclyl-Co.'\; I'pc: 
I' hosphocnolpyruvalc carnoxylasc; Te A: Trkarnoxylie "cids cyck : 
I'TS: Phospholransrcrase lr"nsport syslcm; I'KA anJ, PKF: lhc l\Vo 
pyrll\'alc kinasc isocnzymcs prescnl in Esclzcridzia ('oli. 

isogenic E.I'('j¡erichia ('oli lllutant strains. One lllutant 
transports glucose by a non-PTS mechanislll, llsing ATP 
for glllcose phosphorylation (Flores el al. 1996). 1 n th.: 
other strain, the two PK isoenzymes ha ve been elimi
nated. This lea ves PTS as the only SOllrce of pyrllvate 
(Ponce el al. 1995, 1990). We believe this characteriza
tion will contribute to a better understanding of the role 
of these enzymes in carbon metabolism and will also 
provide better tools for metabolic engineering in E.I'(,
/¡eri(,/¡ia ('oli . 

Materials :uu) [\'Jethods 

Baclerial slraillS 

The mutant strains used in this work were constructed in 
our laboratory and they are deriva ti ves of Escheri
c/¡ia coli 1M 101 supE 1M L'l.(lac-proAB)(F' Ira036 proAB 
lad 4ZL'l.M 15). PB 12 is a L'l.(plsH-I-crr)::kan Gle + deriv
ative (Flores el al. 1996) and PB25 is a pykA::kal/ 
pykF::cam derivative (Ponce el al. 1995). 

Media amI inocúlum 

M9 medium \Vas utilized for batch and continllOUS 
culture experiments; inocula were prepared in Lllria 
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Broth (Sambrook el al. 1989). The starting cultures were 
prepared by inoculating 3 mI of LB from a frozen ceH 
stock, kept in 10% glyeerol at -70 oC, and ineubating 
overnight in a G25 orbital incubator shaker (New 
Brunswick Inc. New Brunswick, NJ), at 37 oC and 
300 rey/mino One mi of the overnight culture was 
centrifuged, washed with a 10 mM NaC!, transferred 
to a 500 mI flask with 50 mi of M9 medium, and 
incubated for 12 h at 37 oC and 300 rey/mino A portion 
of the culture was llsed to inoculate the fermentor to an 
initial optical density at 600 nm (00600) between 0.05 
and 0.1. . 

Fe/'lllelllClliolls 

The bateh and continuolls culture experiments were 
performed in a 2-1 fermentor (LSL lliolafitte, Ine. 
Princeton, NJ) with 1.2 and 0.78 I of operation 
volul11e respectively. The data frolll these experiments 
\\'ere reponed as representative rllns ancl were always 
compared for ¡¡ccuracy with at least one replicated 
tria!. Continuo liS culture experilllents were initiated 
from batch cultures growth to late exponcntial phase. 
In the ditTerent dilution rates tested, thc steady state 
was achieved after at least six residence times. 
Constant signals of (jO" (jeo, > dissolved oxygen, and 
00 000 were used to measure stability of the cultures. 
Once a steady sUte was obtained in each one of the 
cultures, fivc santples were taken in 3 to 4 h intcrvals 
each one to determine residual glllcose, biomass, 
glycogen and organie aeids eoncentrations (see be-
10\\') . AH cultivations were done at 37 oC (±0.003%); 
pH 7 (± 0.007%); with an aeration of 1 VVM; 
pl-l was controlled with the automatic addition of a 
I M NI-I.,OH. O [T-gas analysis for oxygcn and 
carbon dioxide \\'cre performed on-linc by a MGA-
1200 mass spectrometer (Perkin-Elmar, Pomona, 
Calir.) . 

AI/alylical mel/¡ot/s 

Ouring batch expcriments, thc biomass was ealclllated 
from 00 measurements, using a calibration curve 
(1 00600 unit = 0.36 g/I). In eontinllolls culture ex
periments, the dry weight was determined by centri
fuging 10 mi aliquots for 10 min in un Eppendorf 
eentrifuge (Brinkmann, Ine., Westbury, NY) . The 
pellets were suspended in lO mM NaCI and centrifuged 
again. Al! the samples were dried for 24 h, in a vacuum 
oven at 90 oc. Residual glucose in the media \Vas 
determined llsing a muItiple enzymatic analyzer Ekta
chem OT60 11 (Kodak, Rochester, NY). Glycogen \Vas 
determined as reported by F6rberg el al. (1988). 
Organic acids \Vere quantified by HPLC (Waters, 
Millipore Corp. Milford, MA) using an Aminex 
HPX-87H 300 x 7.8 mm column (Bio-Rad, Hercules, 
CA) at 60 oC, H2SO" 5 mM as eluant, with a flow rate 
of 0.5 mlfmin. 
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Results 

Balc/¡ cullure experi/llenls 

\Ve used batch cultures to compare several growth 
parameters of the JM 10 I strain and ilS two derivatives 
PB 12 and PB25 wherein the PEP metabolism had been 
affecled by ' specific mutations. These three strains 
exhibit different growth mtes (Figure 2) . In addilion, 
lhe PB25 cullure reached a different final biomass 
eoncentration compared to the JM10I and PBI2 cul
lures. Differenees bel'Veen the slrains were also found in 
lhe level of glucose consumplion. Interestingly, a sllb
slantial change in lhe rate and leve! of acetate aCCllmu
laled by these strains was also observed. Furthermorc, 
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Figllre 2. Cell growth (a), glucose consumption (b) and aectie acid 
aeeumulation (e) measurements for the three Esc/¡eric/¡ia cnli strains 
tested in batch culture cxpcrimcnts, using M9 mcdium wilh glueose 
(2 gIl) as the only earbon source. Symbols: (e) JMIOI, (-") PBI2. (11) 
PB25. Data from onc rcprcscntative run, compared for aceuracy with 
at kast onc duplicated experiment. 
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acetate consumption was also delecled in JM 101 and 
PB25 cultures, after almost all the glucose was exhaust
ed and growth ceased. In contrast , in PB 12 cultures, 
acelale \Vas only detected at later time points and never 
accur,1Ulated to more than 0.05 gIl (see Figure 2). Other 
organic acids (Iactate, pyruvate, and succinate), as well 
as the storage carbohydrate glycogen, were not detected 
in significant concentrations in the three strains exam
ined (data not shown). 

The data generated by these experiments were utilized 
to ca1culate specific rates and yields, which are presented 
in Table l. '[he highest specific growth rate was ob
tained in the JMIOI culture, whereas PB25 . and PBI2 
cultures showed respectively, a 20 and 40% decreases in 
their growlh rates as compared lo the parental JM 101. 
A higher biomass yield was observcd in the PB I2 
culture, in accordance \Vith lhe lowest acelale aCCllmu
btion observed for this slrain . Inlerestingly, \Vhen 
compared with JMIOI, the Pll25 slrain showed a lower 
biomass yic\d, despile having accumulated less aceta le. 
These results suggest thal in lhe PI325 slrain, more 
subslrate was diverted away from biomass 10 olher 
metabolic roules. In this sense, \Ve observed that tolal 
CO 2 produClion was higher in PB25 eullures than in the 
other two slrains (dala nol shown). In agreement with 
these results, it has been previously dctermined (Ponce 
e{ al. 1998), lhal in lhe Pll25 slrain, lhe penlose pathway 
increases ilS parlicipalion in glueose eatabolism. 

DiOúenl valucs 01' specirie glucose consumplion rate 
and acetale produclion were observcd in the tested 
slrains. The highesl spcciflc glucose consumplion rate 
was observecl in JM 101, whilc lhe lowest was fOllnd in 
lhe PI312 culture. The glucose consumption vallle for 
the PI325 strain was very similar lo the one obtained 
for the JM 101 slrain. Regarding acetate prodllction, 
th~ PI325 slrain showed the highesl spcciflc prodllclion 
rateo It has been pointed out lhal in Esc/¡eric/¡ia coli 
cultures, acetate accul1lulalion is a direcl function of 
gro\\'th rate (Meycr el al. 1984; EI-M ansi & Holms 
1989) . Although the PI312 slrain showed a consistent 
b~ha viour in this respecl, il was nol lhe case for lhe 
P825 strain which cornpared wilh lhe other slrains, 
sho\\'cd a higher production of aeelate per unit 01' 
biomass (see Table 1). 

Tah/~ J. Results from batch culture expcriments ",ith the three E. coh 
st rains examincd". 

Strai n Jtm;JX Y*j¡5 
yb qs qHAc HA,¡X 

(h- I ) (g g) (g/g) (g/g/h) (g/g/h) 

J1\1101 0.78 0.47 0.14 1.67 0.112 

PBI2 0.47 0.54 0.064 0.87 0.03 

PB25 0.62 0.4 0.197 1.54 0.121 

• Thesc ca1culations are derived from one representative run and 
eompared for aceuraey with at least one replication. 
b Biomass yield on eonsumed glucose and acetic aeid production by 
produeed biomass, ea1culuted from the exponential phase data. 
e Spceifie rates of glueose eonsumption and aeetie acid production, 
from the exponential phasc data. 
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Based on these results and to obtain a deeper insight 
into the kinetic behaviour of these strains, we used 
glucose-limited continuous cultures to obtain steady 
states at different growth rates for each strain, and to 
measure the acetate production rates under these con
ditions . 

ConlinllOllS ClIllIIre experimenls 

Considering that the mutations incorporated into the 
PB 12 and PB25 strains ínvolved glucose transport, PEP 
metabolism and pyruvate supply, the first parameter 
that we wanted to stlldy on these strains was the yidd, 
that is, the amount of biomass produced per gram of 
glucose consumed. In the range of dilution Tates tested, 
the JM 101 strain showed a slight decrease in the yield as 
the growth rate increased. This behaviour was more 
pronounced in strain PB25, w~ile in PBI2 , the yicld 
increased as the dilution Tate ';vas also increased (sec 
Figure 3a). As can be secn in Figure 3b, no acetate \Vas 
produced at the 0.2 and 0.3 h- I dilution rates by any of 
the cultures . However at a dilution rate of 0.35 h- I

, the 
production of acetate by the PBl2 culture was 40% 
lower than in the JMIOI culture . Interestingly, at this 
clilution rate, the PB25 culture did not produce acetate. 
Al! the cultures produced acetate at a dilution rate of 
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Figure 3. Dctcrmination of Ihe yiclds of biomass (a) and acetic acid (b) 
in slrains JMIOI (e), PBI2 (.6.) and PB25 (.) in conlinuous cultures, 
al diftcrent d ilution rates. Yx/s. grams of biomass produccd by grams 
of consumcd glucose; Y HAc!X, grams of acelic produced by grams of 
biomas.s. Thcse dala were computed from averagc values of fivc 
samp1cs lakcn al slcady slate. 
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0.5 h- I
; however, at this growth rate and when com

pared with JMIOI, the PBI2 and PB25 cultures pro
duced 30% and 55% less aceta te, respectívely (see 
Figure 3b). The strains examíned under these conditions 
did not show significant accumulation of other organic 
acids (lactate, pyruvate and succinate) or glycogen as a 
function of dilution rate (data not shown) . 

As expected, the specific glucose consumption rate 
increased with the dilution. Hite, although each culture 
exhibited a different slope (see Figure 4a). As shown in 
Figure 4b, thespecific COl production rate of the three 
strains showed a linearly increasing trend with dilution 
rateo At 0.2 h- I and when compared to JM 101, the PB 12 
culture showed a slightly higher specific COl production 
rate but the corresponding value was signiflcantly lower 
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Figure 4. Specific rales showed by Ihe Ihree Escherichia coli slrains 
lesled in conlinuous cullure cxperimenlS al differenl dilution rales: q" 
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than that for J:-'·IIOI at 0.5 h- I
. In the PB25 culture and 

\\'hen compared to J M 10 1, t he specific CO2 prod uction 
rate was slightly lower at 0.2 h- I

, \\'hereas at 0.5 h- I
, 

it was nearly the same as in J M 101 (see Figure 4b). 
Regarding the specillc oxygen uptake rate, in both 
JM 101 and PB25 cultures, as expected, a linear increase 
with growth rate \Vas observed. Interestingly, the PBI2 
culture showed a relatively constant specific oxygen 
consuinption rateo The differences observed on spccific 
rates ofCOl production and oxygcn consulllption for al1 
thc strains, clearly inclicates ditTerent oxiclative-reclueti\'e 
meta bolic activi tics. 

Discussioll 

Tlle üc/¡eric/¡ia coli mutant strains PB 12 and PB25 \Vcre 
conslructed in an attcmpt to moclil'y lhe carbon flux 
dislrihution at lhe PEP node. In thc PB 12 slrain. glucose 
is transponed and phosphorylated by lhe aclion of Ihe 
gabelose pennease and glucokinase, respecti\'ely (Flores 
e/ al. 1996). This new Illetabolic slrategy illlplies that in 
this strain, no PEP is consullled tlireelly ror glucose 
pllosphorylation, and that the I'orlllation 01' pyru\'ale is 
not necessarily eoupled to glucose transporto In addi
tion. due lo lhe multiple regulatory roles tllat PTS plays 
in difTen:nt processes. important changes in eell pllysi
ology can be en\'is~lged on this slrain. Furlhermore, it 
has heen re]lnrled by our group lhat a slrain with a 
similar phellolype to 1'1312 was abk to produl'e 1110re 
arol11~llie compounds, sllgges ling <In increase in lhe 
l11elaholie a\'~lilability 01' PEP (Flores e/ al. 19%. Gosset 
e/ al. 19%). On the olher hand, the I)K reaction is tlle 
last slep of tlle glyco.lytie palh\\'ay and is an important 
souree 01' pyruvatc (Ponce e/ al. 1995. 1990). Our group 
has a\so clucidatecl that an Esc/¡aic/¡ia co/i strain devoid 
of PI" ¡lcli\'ily, carrying a PTS dclction, increases lhc 
availability of PEP to produce aroma tic compouncls 
(Gosset e/ al. 1996). 

The data obtainecl from batch and continuous cul
tures of PI312 and PB25 strains show important c1iffer
ences in the carbon flux c1ist ributions when cOl11pared to 
thc parental JI\IIOI strain. In the t\Vo Illutants. acetate 
procluction \Vas substantiany .Iower. This result may be 
associaled wilh a c1ecreasing carbon flux into pyruvate. 
In general, it is acceptecl that in Esc/¡eric/¡ia co/i aerobic 
cultures, aceta le is produeed aftcr a certain growth rate 
(i.c., carbon flux through central metabolism) is 
achieved, when the TCA cyc1e is saturated and it is 
unable to manage the flux that glycolysis dclivers 
(Majewski & Domach 1990). Under these circumstan
ccs, thc excess of carbon flux is di rected towards the 
rormation of aceta te. As shown in Figure 1, this strategy 
also provides an extra source of ATP. In this scenario, 
the PEP node plays an important role acting as a 
distribution point of carbon to produce building blocks 
for growth or for the synthesis of organic acids (see 
Figure 1). On the other hand, the metabolic activities of 
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the central pathways are modulated to satisfy the carbon 
and energy requirel1lents for growth. These activities are 
reflected in biomass and COl prodllction, as wel! as in 
oxygen CO!iSUl1lption. At dilution rates below the onset 
of acetate production, an oxidati\'c metabolism pre
domina tes and the substrate is transformed only into 
biomass and CO2, whereas at dilution rates aboye the 
onset both oxidative and fermentative l1letabolisms 
occur, with the conseqllent production of biomass, 
COl and acetate (Mcyer e/ al. 1984). Interestingly, 
different metabolic trcnds were observed in continuous 
culturcs with the threc testcd strains. At 0.2 h- I

, PBI2 
\\'hen compared to tlle other strains, showed a much 
highcr metabolic activity, \Vhich was indicated by higher 
va llles of COl prod llction and oxygen consumption. On 
the contrary, at 0.5 h- I

, the PB I 2 culture sho\\'ed a lower 
mctabolic activity (i.e .. lo\\'er rates for COl production 
and oxygen COnSlll1lplion rate); ho\\'ever, ckspite these 
changes, a Iligller biomass yield \Vas observed at this 
dilution rale. Tllis \Vas pcrhaps due to a more elllcient 
lllilizalion of thc carhon I'rom glucose as reflected by the 
lo\\'er COl produetion. The I'act lhat in PB25 cultures, 
aeelale was still produccd at 0.5 h- I

, could indicate lllat 
lhe pyruvale supplied by PTS. \\'as enough to overflow 
lhe TCA cyc\c. Furthermore, lhe faet that the onsct of 
aeetate produclion in J!\l I()I and P1312 strains was the 
same (0.35 h- I

) (see Figure :lh). sugg.:sls that this strain 
h~ls heen ablc lO regain cnllugh flux to pyrllvate and 
o\'erflow Ihe TCA cycle. In lhis sense, we have not 
itltcntified all the mulations lhat ocellrrcd in PB I 2. 
I 1 o \\'e\'Cf, \Ve do know lhat in tllis strain. the glucoki
nasc cnzyl1lc (Glk) is o\'erproduced and glucose is 
transporled tllrough the galaelose permeasc (GaIP) 
(Flores e/ al. 1\)%; un]lublished results). Under this 
new seenario, glucosc flux through GalP and Glk 
depencls on the pull exerted by the glycolyt,ic enzymes. 
It is evident from the resu lts reported in this paper that 
none of the l1lulations present in the PB 12 strain affccted 
the onset of aceta te for·mation. 

Finally, \Ve belicve th:at the characterization of these 
l11utants, which have becn alrea tly utilizcd for the 
o\'erproduclion of aroma tic compollnds (Flores e/ al. 
19%; Gosset e/ al. 1996). \\'ill contribute in the design of 
bettcr slrategies for the production of otller important 
1110lecules in Esc/¡er¡c/¡ill eoli. 
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