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I. Introduccion general

1. El género Pseudomonas

El género Pseudomonas fue descrito por Migula (1894) como “células con
estructuras polares moéviles. La formacion de esporas se da en algunas especies, pero
es un fendomeno raro”. Esta definicion tan genérica, fue aceptada durante mucho
tiempo, dando origen a que numerosas bacterias originalmente adscritas como
especies del género Pseudomonas fueran asignadas a otros géneros. Hasta los afios 60
los intentos de clasificacion de las bacterias se centraban en las caracteristicas
morfoldgicas o fisiologicas (Palleroni, 2003). Segln la clasificacion del manual de
Bergey de Bacteriologia Sistematica, las Pseudomonas son “células en forma de
baston, curvadas o derechas, pero no helicoidales, de entre 0.5 — 1 um de didmetro por
1.5 — 5 wm de longitud”. Sin embargo, el desarrollo de técnicas como la hibridacion
ADN/ADN o ARNi/ADN permiti6 una clara division de las especies de
Pseudomonas (Palleroni et al., 1972). Siguiendo esta ultima clasificacion, Palleroni
propuso cinco grupos taxondémicos (ARN-I a ARN-V). Mas tarde, la secuenciacion
del ARNr 168 reflejo la diversidad de estos grupos, siendo finalmente el grupo ARN-
I, dentro de la subclase-y de Proteobacterias, el que a dia de hoy se reconoce como el

que engloba a las verdaderas Pseudomonas (Bergey et al., 2005).

Las Pseudomonas son Gram-negativas, generalmente méviles y presentan uno
o varios flagelos polares, aunque también se han descrito flagelos laterales mas cortos.
Son aerobias, con un tipo de metabolismo respiratorio estricto con oxigeno como
aceptor terminal de electrones, aunque en algunos casos el nitrato puede ser usado
como aceptor alternativo de electrones, permitiendo el crecimiento anaerobio. Se ha
descrito que la cepa JLR11 de la especie P. putida, puede utilizar el 2,4,6-
trinitrotolueno (TNT) como aceptor alternativo de electrones (Esteve-Nuiez et al.,
2000). La mayoria de las especies son organotroficas y se cultivan a pH neutro, a
temperaturas de la zona mesodfila y no requieren factores de crecimiento. Son
catalasas positivas y pueden ser oxidasas positivas o negativas. La mayoria de las
especies del género Pseudomonas no acumulan granulos de poli-B-hidroxibutirato
pero cuando se cultivan en alcanos o gluconato pueden formar poli-hidroxialcanoatos

(Haywood et al., 1990). No se conocen estados de células viables no cultivables.



I. Introduccion general

El espectro nutricional de cada especie del género Pseudomonas es
caracteristico presentando una menor variabilidad entre cepas de una misma especie.
Este grupo de bacterias se caracteriza por su extrema versatilidad metabolica
(Palleroni, 1993; Stainer et al., 1966). Entre los compuestos organicos que son
capaces de metabolizar se encuentran hidratos de carbono, acidos alifaticos, aminas,

amidas, aminoacidos, compuestos aromaticos y alcoholes.

Las bacterias del género Pseudomonas del que se han descrito alrededor de 60
especies, ademds de su extraordinaria versatilidad metabdlica, se caracterizan por su
amplia distribucion en el medio ambiente, habiéndose aislado de plantas a partir de
suelos limpios y contaminados, y aguas continentales y marinas. El genoma de cinco
especies diferentes de Pseudomonas se ha secuenciado recientemente y han revelado
que todas ellas comparten un conjunto de 2000 genes de un total de 5000 a 6000

genes presentes en sus correspondientes genomas.

Entre las bacterias cuyo genoma se ha secuenciado, existen patdgenas
oportunistas como P. aeruginosa PAO1 (Stover et al., 2000) y P. entomophila L48
(Vodovar et al., 2006), un patogeno vegetal como P. syringae pv. tomato (Buell et al.,
2003) y dos bacterias inocuas como P. putida KT2440 (Nelson et al., 2002) y P.
fluorescens Pf-5 (Paulsen et al., 2005). La comparacion gendmica entre cepas
patogenas y cepas inocuas reveld que en las cepas no virulentas no portaban los genes
que codifican exotoxinas, enzimas hidroliticas especificas, factores de respuesta
hipersensitiva y sistemas de secrecion tipo III. En cambio, cepas virulentas y no
virulentas comparten otras propiedades como adhesion y biosintesis de polimero, pili
tipo 1V, adhesinas, proteinas relacionadas con estrés, etc (Nelson et al., 2002). A
continuacion se describen algunas propiedades de estas especies. La especie

Pseudomonas putida objeto de este estudio, se describira mas adelante.

Pseudomonas aeruginosa es una bacteria ubicua del medio ambiente que
causa infecciones en una amplia variedad de hospedadores, incluyendo insectos,
plantas y animales. En humanos, este organismo puede colonizar algunas superficies
mucosas y puede invadir los tejidos y la sangre. Las infecciones pueden ser de corta
duracién y superficiales, bacteremias o infecciones cronicas como ocurre en pacientes

con fibrosis quistica. El genoma de las cepas PAO1 y UCBPP-PA14 (Lee et al., 2006)
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se han secuenciado recientemente, habiendo sido el genoma de PAOI1 el primer

genoma secuenciado completo del género Pseudomonas (Stover et al., 2000).

Pseudomonas syringae es un organismo fitopatdgeno. Las cepas de esta
especie se caracterizan por su diversidad y su interaccion especifica con diferentes
especies de plantas, habiéndose descrito cerca de 50 patovares en base a la capacidad
de la cepa de infectar diferentes especies de plantas (Jamir et al., 2004). La cepa
DC3000 que secuencio el grupo de A. Collmer es un fitopatégeno de plantas de
tomate y Arabidopsis (Buell et al., 2003).

Pseudomonas fluorescens es una rizobacteria que promueve el crecimiento de
plantas. Ademas tiene propiedades de biocontrol, ya que protege las raices de algunas
especies de plantas contra hongos parasitos como Fusarium o Pythium, asi como

algunos nematodos (Paulsen et al., 2005).

Las cepas pertenecientes al género Pseudomonas son a menudo tolerantes y/o
resistentes a agentes nocivos presentes en suelos, incluyendo antibidticos,
desinfectantes, detergentes, metales pesados y disolventes organicos. Por lo general,
las Pseudomonas poseen multiples plasmidos y transposones conjugativos o
transmisibles que codifican los genes necesarios para el metabolismo de
hidrocarburos y la resistencia a agentes nocivos. Existe un gran interés en explotar las
caracteristicas de estas bacterias por sus posibles aplicaciones en biotecnologia,
incluyendo biorremediacion de sitios contaminados (Dejonghe et al., 2001; Timmis
et al., 1994), mejorar la calidad de combustibles, por ejemplo mediante
desulfurizacion (Galan et al., 2000), biocatalisis para la produccion de sustancias
quimicas de valor afadido (Rojas et al., 2004; Schmid et al., 2001; Wubbolts &
Timmis, 1990; Zeyer et al., 1985), la produccion de bioplasticos (Olivera et al., 2001)
y agentes que fomentan el crecimiento de plantas y el control de plagas en plantas

(Walsh et al., 2001).

1.1. Pseudomonas putida

Las bacterias de la especie Pseudomonas putida pertenecen al grupo de

Pseudomonas “fluorescentes”, denominadas asi por la produccion de pigmentos que
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emiten fluorescencia. Son bacterias quimiorganotréficas, muy versatiles
metabodlicamente, capaces de adaptarse a vivir en diferentes habitas. Se han aislado a
partir de suelos limpios, suelos agricolas y suelos industriales contaminados, asi como
de aguas continentales. Este grupo de bacterias tienen un gran potencial en
biorremediacion de suelos, ademas su capacidad de colonizar la rizosfera de plantas le
ha permitido que sea objeto de estudio para el desarrollo de nuevos biopesticidas

(Espinosa-Urgel et al., 2002).

La cepa P. putida KT2440 utilizada en este estudio deriva de la cepa P. putida
mt-2 aislada en 1963 en Japon por Hosakawa. La cepa mt-2 se identificd como una
cepa capaz de degradar meta-toluato, de donde derivé el nombre mt. En principio fue
incluida dentro de la especie Pseudomonas arvilla y no fue hasta 1974 cuando se
introdujo dentro de la especie Pseudomonas putida (Williams & Murray, 1974). En
1975 se comprob6 que la cepa mt-2 portaba el plasmido TOL, el cual contiene los
genes que codifican las enzimas necesarias para la degradacion de toluenos y xilenos
(Worsey & Williams, 1975). En 1981 se construy6 Pseudomonas putida KT2440
como un derivado de mt-2 curado del plasmido TOL (Bagdasarian et al., 1981) y
presuntamente deficiente en el mecanismo de restriccion de ADN exo6geno, lo que
hace que esta cepa sea ampliamente utilizada para la expansion de rutas catabodlicas
con fines degradativos (Bagdasarian & Timmis, 1982; Ramos et al., 1994) y como
hospedador en la clonacién y expresion de genes heterdlogos para su utilizacion en
procesos de biotransformacion de compuestos quimicos con valor afiadido (Delgado
et al., 1992; Kellerhals et al., 1999; Kraak et al., 1997) o de interés farmacologico
(Tan et al., 1997).

Recientemente, se ha secuenciado el genoma de KT2440 (Nelson et al.,
2002), el cual tiene 6,18 Mb (Weinel et al., 2002), con un contenido en G+C de
61,6%. En el genoma de esta cepa se han descrito 105 islas gendmicas con un
contenido distinto en GC (Weinel et al., 2002). Estas islas gendémicas estan
principalmente implicadas en la captacion y degradacion de compuestos organicos,
transporte de iones, sintesis y secrecion de metabolitos secundarios, siendo las
principales responsables de la elevada versatilidad metabolica presente en P. putida.
En numerosas ocasiones dicha versatilidad metabdlica se encuentra ligada a

plasmidos, que portan genes cuyos productos se encargan de canalizar diversos
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sustratos hacia el metabolismo central. Por ejemplo, el plasmido TOL (Williams &
Murray, 1974), el plasmido NAH7 (Dunn & Gunsalus, 1973) y el plasmido CAM
(Rheinwald et al., 1973) portan los genes implicados en el catabolismo de
tolueno/xilenos, naftaleno y alcanfor, respectivamente. En el cromosoma de KT2440
se han encontrado genes que codifican rutas de degradacion de compuestos organicos
que en ocasiones son productos naturales como los derivados de la degradacion de la
lignina (Jiménez et al., 2002) o xenobiodticos como haloaromaticos, nitroaromaticos,
etc... Todas estas caracteristicas contribuyen al espectro nutricional de esta especie,
permitiéndole reproducirse en distintos ambientes y metabolizar una amplia gama de

compuestos naturales y sintéticos.

La anotacion inicial del genoma de la cepa KT2440 sugeria 5420 marcos de
lectura abiertos. Dentro de estos, 80 genes aparecen truncados o alterados como
consecuencia de la insercion de transposones o elementos moviles. A su vez, se han
identificado 804 copias de una secuencia palindromica repetida y extragénica de 35
pb conocidas como REP (Aranda-Olmedo et al., 2002). Se han identificado en el
cromosoma de KT2440 tres genomas de bacteriofagos. Dentro de los 5420 marcos de
lectura abiertos predichos, aparecen 600 de éstos anotados como proteinas hipotéticas,
es decir, proteinas sin funciéon conocida. En muchos de los casos puede tratarse de
artefactos producto de los algoritmos utilizados en la prediccion de genes.
Aproximadamente el 12% del genoma codifica sistemas de transporte, como por
ejemplo, los transportadores de tipo ABC que constituyen la principal familia de
transportadores presentes en KT2440. Ademas, esta cepa es capaz de protegerse
frente a compuestos toxicos exportandolos a través de bombas de extrusion como las
bombas RND vy los transportadores MFS (Ramos et al., 2002). También ha adquirido
sistemas mono- y di-oxigenasas, oxidorreductasas, ferredoxinas y -citocromos,
dehidrogenasas, proteinas del metabolismo del azufre y glutation-S-transferasas,
factores sigmas alternativos, reguladores y sistemas de respuesta a estrés (Nelson et
al., 2002). KT2440 tiene 330 genes asociados a la biosintesis y degradacion de
componentes de la superficie celular. Posee genes involucrados en la interaccion
planta-bacteria en la rizosfera, un conjunto de genes de biogénesis de fimbrias tipo
IV, al menos cuatro operones de la biosintesis del flagelo (Rodriguez-Hervas et al.,
comunicacion personal), de fibras rizadas y pilis tipo I, que le confiere a P. putida la

caracteristica de adhesion a superficies en general (Espinosa-Urgel et al., 2002).
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Dentro de la especie P. putida no se conoce ninguna cepa que sea patogena de
plantas o animales. Esto hace que se haya explotado en el desarrollo de numerosas
técnicas biotecnologicas, como por ejemplo, el disefio de nuevas rutas catabdlicas
destinadas a la degradacion de compuestos contaminantes (Erb et al., 1997; Ramos et
al., 1986; Ramos et al., 1987a; Rojo et al., 1987), produccion de intermediarios en la
sintesis quimica de moléculas complejas (Wubbolts & Timmis, 1990). A su vez, es un
buen colonizador de rizosfera de maiz, trigo, fresa, cafia de azlicar y espinacas
(Espinosa-Urgel et al., 2002). Hoy dia, se estan usando en el desarrollo de
biopesticidas y como promotoras del crecimiento de plantas. La ubicuidad de P.
putida refleja su elevada capacidad para adaptarse a una enorme variedad de
condiciones fisico-quimicas presentes en los distintos habitats donde vive, reflejando
la capacidad que tiene la cepa de integrar las sefiales recibidas del medio externo con
el estado fisiologico celular, llevando a la activacion de una red compleja de

regulacion que controla el metabolismo celular (Regenhardt et al., 2002).

2. Metabolismo de carbohidratos por Pseudomonas

Desde hace varias décadas se ha estudiado la importancia de las diferentes
rutas de utilizacion de carbohidratos en el género Pseudomonas, basandose
principalmente en el comportamiento de mutantes deficientes en enzimas de la ruta y
en datos de experimentos de respirometria. En general, las bacterias del género
Pseudomonas utilizan pocos carbohidratos como fuente de carbono, entre éstos se
encuentra; glucosa, gluconato, 2-cetogluconato, fructosa, sorbitol y manitol (Lessie &
Phibbs Jr, 1984) lo que indica un espectro muy reducido cuando se compara con otras
especies, como Escherichia coli que utilizan glucosa, gluconato, fructosa, galactosa,
sacarosa, maltosa, lactosa, arabinosa, trehalosa, sorbitol, manitol, galactitol, etc...
Ademas la informacion sobre el metabolismo de carbohidratos se reducia al de la
glucosa fundamentalmente en las cepas patogenas de la especie P. aeruginosa (Lessie

& Phibbs Jr, 1984).

2.1. Ruta de Entner — Doudoroff
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El catabolismo de carbohidratos en Pseudomonas, se caracteriza por no
utilizar la ruta de Embden-Meyerhof debido a la falta del gen que codifica la 6-
fosfofructokinasa (Raps & De Mosss, 1962; Schleissner et al., 1997; Tiwari &
Campbell, 1969; Wood & Schwerdt, 1954). En su lugar, utiliza la ruta de Entner-
Doudoroff que se descubrié en Pseudomonas saccharophila (De Ley, 1960; Entner &
Doudoroff, 1952), en la que se obtiene gliceraldehido-3-fosfato y piruvato a partir de
6-fosfogluconato que es el intermediario clave (Figura 1) (Blevins et al., 1975; Entner
& Doudoroff, 1952; Stern et al., 1960). Posteriormente, experimentos de
respirometria mostraron que esta ruta es la mayoritaria en otras Pseudomonas
(Palumbo & Witter, 1969; Spangler & Gilmour, 1966).
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Figura 1. Metabolismo de la glucosa, gluconato, 2-cetogluconato, manitol, sorbitol y fructosa en
bacterias del género Pseudomonas. Abreviaciones: Gcd, glucosa deshidrogenasa; Gad, gluconato
deshidrogenasa; Mdh, manitol deshidrogenasa; Sdh, sorbitol deshidrogenasa; Glk, glucoquinasa; Zwf, glucosa-6-
fosfato deshidrogenasa; GnuK, gluconoquinasa; KguK, 2-cetogluconato quinasa; KguD, 2-cetogluconato-6-fosfato
reductasa; Edd, 6-fosfogluconato dehidratasa; Eda, 2-ceto-3-deoxi-6-fosfogluconato aldolasa; Pgi, glucosa-6-
fosfato isomerasa; Fbp, fructosa-1,6-bifosfatasa; Fda, fructosa-1,3-bifosfato aldolasa; Fpk, fructosa-1-fosfato
quinasa; Frk, fructoquinasa; PTS, sistema de transporte fosfotransferasa de fructosa; GntP, transportador de
gluconato; KguT, transportador de 2-cetogluconato; Tpi, triosa fosfoato isomerasa; Gap, gliceraldehido-3-fosfato
deshidrogenasa; Pgk, 3-fosfoglicerato quinasa; Pgm, fosfoglicerato mutasa; Eno, enolasa; Pyk, piruvato quinasa;
PYR, piruvato; PEP, fosfoenolpiruvato; G3P, gliceraldehido-3-fosfato; G1,3biP, glicerato-1,3-bifosfato; 3PG, 3-
fosfoglicerato; 2PG, 2-fosfoglicerato; DHP, dihidroxiacetona fosfato.



I. Introduccion general

La ruta de Entner-Doudoroff parte del 6-fosfogluconato que se convierte por
la 6-fosfogluconato dehidratasa (Edd) en 2-ceto-3-deoxi-6-fosfogluconato (KDGP), el
cual y por la accién de la 2-ceto-3-deoxi-6-fosfogluconato aldolasa (Eda) da lugar a
piruvato y gliceraldehido-3-fosfato (Lessie & Phibbs Jr, 1984) que se convierten
posteriormente en intermediarios del ciclo de Krebs (Figura 1). En bacterias de las
especies P. aeruginosa y P. putida, mutantes en la 6-fosfogluconato dehidratasa (Edd)
son incapaces de crecer en glucosa, gluconato, 2-cetogluconato o manitol, pero crecen
igual que la cepa silvestre en citrato, succinato o acetato (Blevins et al., 1975; Vicente
& Canovas, 1973a; Willard et al.,1975). Esto contrasta con el comportamiento de E.

coli que creceria utilizando la ruta de Embner-Meyerhof y las pentosas fosfato.

El gliceraldehido-3-fosfato puede rendir fructosa 1,6-bifosfato por accion de la
fructosa-1,3-bifosfato aldolasa (Fda), y ésta por accion de la fructosa-1,6-bifosfatasa
(Fbp) rinde fructosa-6-fosfato que tras isomerizacion por accion de la glucosa-6-
fosfato isomerasa (Pgi) da lugar 6-fosfogluconato (Figura 1). El papel de la
gluconeogésis no es muy importante en P. putida, debido a que un mutante en la
fosfogliceratoquinasa (Pgk) y por tanto, deficiente en la gluconeogénesis muestra un

crecimiento similar al de la cepa silvestre (Aparicio et al., 1971).

2.2. Ciclo de los intermediarios del gliceraldehido-3-fosfato

El gliceraldehido-3-fosfato estd en equilibrio con la dihidroxiacetona fosfato
por la accion de triosa fosfato isomerasa (Tpi) (Hochster & Katznelson, 1958)
(Figura 1). Ademas el gliceraldehido-3-fosfato por la accion de la gliceraldehido-3-
fosfato deshidrogenasa (Gap) dependiente de NAD" da lugar al glicerato-1,3-bifosfato
que por accion de la 3-fosfoglicerato quinasa (Pgk) dependiente de ADP forma el
glicerato-3-fosfato. Este tltimo a través de la fosfoglicerato mutasa (Pgm) da lugar al
glicerato-2-fosfato y por accioén de la enolasa (Eno) rinde fosfoenolpiruvato (PEP).
Las reacciones mediadas por la triosa fosfato isomerasa, la gliceraldehido 3-fosfato
deshidrogenasa, la 3-fosfoglicerato quinasa, la fosfoglicerato mutasa y la enolasa son
reversibles (Figura 1). El PEP se convierte en piruvato (PYR) gracias a la piruvato
quinasa (Pyk) dependiente de ADP (Figura 2). La PEP sintasa (PEPs) permite el paso
de piruvato a PEP que se inhibe por la presencia de AMP y PEP, en cambio la Pyk se
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activa en presencia de AMP y se inhibe por ATP. El piruvato puede entrar
directamente a nivel del oxalacetato (OAA) en el ciclo de Krebs por la accion de la
piruvato carboxilasa (Pyc), que es una enzima inducible en bacterias cultivadas en
glucosa o lactato (O'Brien et al., 1977). Y el OAA puede convertirse en piruvato por
la accion de la OAA descarboxilasa (OAAd). Para cerrar este ciclo, el PEP puede
transformarse en OAA por la PEP carboxilasa (PEPc) que es activada por acetil-CoA,
ADP e inhibida por aspartato y viceversa por accion de la PEP carboxiquinasa (PEP
ck) en P. aeruginosa PAOI1, P. syringae DC3000 y P. entomophila L48 (O Brien et
al., 1977). En las demas Pseudomonas cuyo genoma se ha secuenciado no existe la

PEP carboxiquinasa (Figura 2).

OAA Figura 2. Ciclo de los intermediarios del
gliceraldehido-3-fosfato. OAA, oxalacetato;
PEP, fosfoenopiruvato; PYR, piruvato; OAAd,

Pyc OAAd oxalacetato descarboxilasa; Pyc, piruvato carboxilasa;

PEPc, fosfoenolpiruvato carboxilasa; PEPck

fosfoenolpiruvato carboxiquinasa; Pyk, piruvato

PEP m quinasa; PEPs , fosfoenolpiruvato sintasa.

PYR

~_ 7

PEPs

2.3. Catabolismo de la glucosa

2.3.1. Entrada de la glucosa al periplasma

Las bacterias Gram-negativas tienen dos membranas que separan el
citoplasma del medio externo; la membrana externa y la membrana interna. En la
membrana externa existen porinas que permiten el paso de pequefias moléculas por
difusion (Nikaido, 1992), sin embargo el paso al citoplasma requiere, en general, de
proteinas de membrana interna que suelen utilizar energia para el transporte de los

solutos (Braun, 1995).

La glucosa atraviesa preferentemente la membrana externa a través de la
porina OprB que es inducida por éste azlicar, por el que posee alta afinidad y
especificidad y es reprimida por acidos organicos. La porina OprB de P. putida es

funcionalmente homologa a la porina OprB de P. aeruginosa (Saravolac et al.,1991).
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Estudios realizados en P. aeruginosa con la porina OprB demostraron que permite el
paso de disacaridos y que posee preferencia por la glucosa y monosacéridos

relacionados (Trias et al., 1988).

En Pseudomonas, la glucosa puede seguir dos vias en el periplasma para dar
lugar al 6-fosfogluconato: la fosforilativa, en la cual la glucosa es transportada al
citoplasma y fosforilada a glucosa-6-fosfato (Eisenberg et al., 1974; Haas &
Holloway, 1978; Hunt & Phibbs Jr, 1983; Lessie & Neidhardt, 1967; Phibbs Jr &
Eagon, 1970; Phibbs Jr et al., 1978; Tiwari & Campbell, 1969; Whitfield et al., 1982)
y la oxidativa, que tiene lugar en el periplasma (Hunt y Phibbs Jr, 1983; Midgley &
Dawes, 1973; Quay et al., 1972; Roberts et al., 1973; Vicente & Céanovas, 1973a;
Wood & Schwerdt, 1954) oxidando la glucosa a gluconato y 2-cetogluconato (Figura

).

2.3.2. Via fosforilativa

a) Transporte

Las bacterias del género Pseudomonas pueden transportar la glucosa al
interior de la célula, atravesando la membrana interna, por un sistema de transporte
activo que requiere una proteina de union a la glucosa sugiriendo que forma parte de
un sistema de tipo ABC (Cuskey et al., 1985; Higgins et al. 1990), en el que no esta
implicado el sistema fosfoenolpiruvato fosfotransferasa (PTS) (Midgley & Dawes,
1973). Este transporte de glucosa que requiere energia metabdlica, esta sujeto a
induccion (Basu et al., 2006), represion e inhibicion competitiva, lo que muestra la
estereoespecificidad del sistema. Ademas se reprime fuertemente por acetato, citrato,
succinato, fumarato y malato, e incluso en presencia de un exceso de glucosa en el

medio (Hylemon & Phibbs, 1972; Mukkada et al., 1973).
b) Reaccion para convertir la glucosa en 6-fosfogluconato
La glucosa una vez en el citoplasma es fosforilada por la glucoquinasa

dependiente de ATP (Glk) dando lugar a glucosa-6-fosfato, la cual se oxida por la
glucosa-6-fosfato deshidrogenada (Zwf) dependiente de NAD(P)" y rinde 6-
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fosfogluconato (Coffee & Hu, 1970; Coffee & Hu, 1972; Eisenberg et al., 1974;
Guymon & Eagon, 1974; Hunt y Phibbs Jr, 1983; Lessie y Neidhardt, 1967; Lynch &
Franklin, 1978; Midgley & Dawes, 1973; Tiwari & Campbell, 1969; Whiting et al.,
1976b; Wood & Schwerdt, 1953). La glucosa-6-fosfato deshidrogenasa (Zwf) de las
bacterias de las especies P. aeruginosa y P. fluorescens puede utilizar como aceptor
de electrones tanto NADP" como NAD', ademas ambas son inducibles y sensibles a
control por represion catabolica (Lessmann et al., 1975; Phibbs et al., 1978). Se han
descrito y purificado dos isoenzimas glucosa-6-fosfato deshidrogenasa en las
bacterias de la especie P. fluorescens, siendo una de las enzimas inhibida por ATP
(Lessmann et al., 1975).

2.3.3. Via oxidativa
a) Reaccién que tiene lugar en el periplasma

Los primeros estudios en Pseudomonas (De Ley, 1960; Lockwood et al.,
1941; Stokes & Campbell, 1951) identificaron la ruta oxidativa con la conversion de
glucosa en 6-fosfogluconato en la que el gluconato y el 2-cetogluconato eran los
intermediarios. Ello ocurre en dos oxidaciones sucesivas en el periplasma e
independientes de piridin nucledtido (Midgley & Dawes, 1973; Narrod & Wood,
1956; Roberts et al., 1973) en las que la glucosa rinde gluconato por la accion de la
glucosa deshidrogenasa (Ged) y el gluconato rinde 2-cetogluconato por accion de la
gluconato deshidrogenasa (Gad) (Matsushita & Ameyama, 1982; Matsushita et al.,
1982). La ventaja que tiene Pseudomonas de convertir la glucosa rapidamente a
gluconato y/o 2-cetogluconato podria deberse a la competicion entre bacterias por la
fuente de carbono (Whiting et al., 1976a; 1976b). En algunas cepas de Pseudomonas
cuando se cultivan en glucosa acumulan gluconato y 2-cetogluconato en el medio, y
en el caso concreto de la especie P. fluorescens se ha cuantificado (15.21 mmol g'h™)

(Fuhrer et al., 2005).
b) Transporte y metabolismo

El gluconato en el periplasma puede ser transportado al interior de la célula,

por un transportador especifico de gluconato (GntP), y fosforilado por la
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gluconokinasa dependiente de ATP (GnuK) dando lugar al 6-fosfogluconato (Figura
1). Igualmente el 2-cetogluconato, resultante de la oxidacion del gluconato en el
periplasma, puede ser transportado al interior de la célula, por un transportador
especifico de cetogluconato (KguT) (Lynch & Franklin, 1978; Torrontegui et al.,
1976; Whiting et al., 1976a; Whiting et al., 1976b). Una vez en el citoplasma el 2-
cetogluconato es fosforilado por la 2-cetogluconato kinasa dependiente de ATP
(KguK) dando lugar a 2-ceto-6-fosfogluconato (Mukadda et al., 1973; Narrod &
Wood, 1956; Roberts et al., 1973), el cual es posteriormente reducido por la 2-
cetogluconato-6-fosfato reductasa dependiente de NAD(P)H (KguD) dando lugar al 6-
fosfogluconato (Frampton & Wood, 1961; Nandadasa et al., 1974; Roberts et al.,
1973) (Figura 1). Vicente & Céanovas (1973a) demostraron que la glucosa se
cataboliza principalmente, pero no completamente, por oxidacién a gluconato en
Pseudomonas putida ATCC 12633. Ademas describieron que dentro de la via
oxidativa la minoritaria era la fosforilaciéon del gluconato a 6-fosfogluconato y la

mayoritaria la via del 2-cetogluconato.

Aunque las vias fosforilativa y oxidativa estan presentes en P. aeruginosa
PAOI, se ha propuesto que las bacterias de esta cepa utilizan fundamentalmente la via
oxidativa en condiciones de aerobiosis y la via fosforilativa cuando se cultivan bajo

condiciones de anaerobiosis (Hunt & Phibbs Jr, 1981; Hunt & Phibbs Jr, 1983).

2.3.4. Patrones de induccion de los genes del catabolismo de glucosa

Vicente & Canovas (1973b) demostraron que la glucosa, el gluconato y el 2-
cetogluconato inducian la sintesis de la glucosa deshidrogenasa, gluconato
deshidrogenasa, 6-fosfogluconato dehidratasa y KDGP aldolasa en P. putida ATCC
12633. La fructosa y el glicerol también las inducian pero los niveles de las enzimas
fueron mas bajos. No obstante, la gliceraldehido-3-fosfato deshidrogenasa estaba
derreprimida con estos sustratos y solo se indujo en presencia de compuestos de tres
carbonos como el glicerol o el glicerato. Mientras que los niveles de la actividad
gluconokinasa incrementaron con glucosa y gluconato, la actividad glucosa-6-fosfato
deshidrogenasa y de la 2-cetogluconato quinasa aumentaron en presencia de glucosa,
gluconato y 2-cetogluconato, y los niveles de inducciéon de KDGP aldolasa fueron

mayores en presencia de su sustrato, KDGP (Vicente & Canovas., 1973b).
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2.4. Metabolismo de la fructosa y hexitoles

2.4.1. Metabolismo de la fructosa

Una de las vias de entrada y metabolismo de la fructosa en P. putida es a
través del sistema acoplado de la actividad fosfotransferasa dependiente de PEP
(PTS). En el sistema PTS se transfiere el fosfato del PEP a tres componentes: EI, HPr
y EII para finalmente cederlo al azicar (Velazquez et al., 2007). El componente EII es
especifico del azucar, y es un polipéptido que consta de tres subdominios (EIIA, EIIB
y EIIC). En el cromosoma de P. putida KT2440, el componente EI::HPr::EIIA™ est4
codificado por fruB, y EIIB::EIIC"™ por fruA. Cuando se aislaron mutantes en el gen
fruB de la cepa P. putida KT2440, éstos fueron incapaces de crecer en fructosa
deduciéndose que era el principal sistema de transporte de fructosa, pero estos
resultados no coinciden con las predicciones genomicas (Velazquez et al., 2007). En
el genoma de KT2440 hay genes que permitirian que la fructosa entrase en la célula y
se fosforilara a fructosa-1-fosfato, la cual a través de la 1-fosfofructoquinasa (Fpk)
daria lugar, a la fructosa-1,6-bifosfato (Figura 1) (Phibbs et al., 1978; Sawyer et al.,
1977). La fructosa-1,6-bifosfato tiene dos vias para rendir piruvato. La via minoritaria
donde la fructosa-1,6-bifosfato rinde gliceraldehido-3-fosfato y piruvato, y la
mayoritaria, la via Entner-Doudoroff, donde la fructosa-1,6-bifosfato se convierte en
6-fosfogluconato por la accion de la glucosa-6-fosfato isomerasa (Pgi) y la glucosa-6-
fosfato deshidrogenasa (Zwf), ya que un mutante en uno de estos dos genes presentan
una tasa de crecimiento extremadamente baja cuando se cultivaron en fructosa como
unica fuente de carbono (Phibbs et al., 1978). Tanto el sistema PTS como la 1-

fosfofructoquinasa se inducen en presencia de fructosa (Phibbs et al., 1978).

Otro sistema de transporte de fructosa en Pseudomonas putida es el
denominado FU que puede transportar tanto glucosa como fructosa, aunque solo la
fructosa lo induce, y el succinato lo reprime (Vicente, 1975). Existe un sistema de
transporte de glucosa-gluconato (GGU) que también puede utilizarlo la fructosa para
entrar en la célula (Vicente, 1975). En la bacterias de la especie P. aeruginosa, la
fructosa es transportada al citoplasma por transporte activo y es convertida en
fructosa-6-fosfato por la fructoquinasa (Frk) dependiente de ATP (Figura 1) (Phibbs
etal., 1978).
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2.4.2. Catabolismo de hexitoles

El catabolismo de otros hexitoles como el manitol o el sorbitol se ha estudiado
en P. aeruginosa (Phibbs et al., 1978). El manitol y el sorbitol se convierten en
fructosa, fructosa-6-fosfato, glucosa-6-fosfato y 6-fosfogluconato, que entra en la ruta
de Entner-Doudoroff (Figura 1). El crecimiento en presencia de manitol/sorbitol
indujo el sistema de transporte activo del manitol/sorbitol respectivamente, la
manitol/sorbitol deshidrogenasa (Mdh/Sdh) dependiente de NAD", la fructoquinasa,
la glucosa-6-fosfato deshidrogenasa, la 6-fosfogluconato dehidratasa y la KDPG
aldolasa (Figura 1) (Phibbs et al., 1978). En P. aeruginosa PAOI, la utilizacion de
manitol/sorbitol se bloquea en mutantes de la glucosa-6-fosfato deshidrogenasa (Zwf)
y de la glucosa-6-fosfato isomerasa (Pgi) (Banerjee et al., 1983, Phibbs et al., 1978).
Mutantes aislados en el gen que codifica la fructoquinasa (Frk) no crecen en manitol
ni en sorbitol, lo que indica que la fructosa-6-fosfato es un intermediario clave en el
metabolismo de ambos hexitoles (Phibbs et al., 1978). Mutantes deficientes en Edd o
Eda en Pseudomonas aeruginosa tampoco utilizan manitol o sorbitol como fuente de
carbono (Blevins et al., 1975; Phibbs et al., 1978).

2.5. Regulacion de las enzimas degradativas del metabolismo de
carbohidratos en Pseudomonas

Pseudomonas crece rapidamente en acidos tricarboxilicos como citrato,
succinato y malato como tUnica fuente de carbono y energia. Cuando las bacterias
crecen en una mezcla de acidos tricarboxilicos y carbohidratos, experimentan un
crecimiento diduxico, consumiendo primero los acidos tricarboxilicos y después los
carbohidratos (Anderson & Wood, 1969; Blevins et al., 1975; Hylemon & Phibbs,
1972; Lynch & Franklin, 1978; Tiwari & Campbell, 1969). Este crecimiento diduxico
se produce como consecuencia de la represion de las enzimas de utilizacion de los
carbohidratos y de los sistemas de transporte de éstos (Lynch y Franklin, 1978;
Midgley & Dawes, 1973; Ng & Dawes, 1973; Tiwari & Campbell, 1969; Whiting et
al., 1976a). En Enterobacterias el contenido en AMPc es el que ajusta la represion
catabolica (Bostford, 1981), pero en los estudios realizados en Pseudomonas no se
encontraron diferencias en los niveles intracelulares de AMPc cuando las células se

cultivaron en azlcares o acidos organicos (Siegel et al., 1977). Un ejemplo de

16



I. Introduccion general

represion catabdlica es el que se descubrid cuando se cultivaban células de P.
aeruginosa en un quimiostato con citrato y glucosa. Se observo que en esas
condiciones se afectaba de forma directa el nivel de las enzimas de la via oxidativa, la
via fosforilativa y de la ruta Entner-Doudoroff y ademas disminuia la capacidad de
transportar glucosa (Ng & Dawes, 1973; Whiting et al., 1976a). Cuando se estudio la
via oxidativa y fosforilativa en P. aeruginosa, se observé que el gluconato jugaba un
papel critico en la via fosforilativa, ya que inhibia el transporte de glucosa y reprimia
la formacion del sistema de transporte de éste azucar, favoreciendo asi la via oxidativa
(Midgley & Dawes, 1973; Whiting et al., 1976a; 1976b). Por otro lado, en las
bacterias de la especie P. fluorescens, el malato bloquea el transporte de gluconato y
2-cetogluconato pero no afecta a la conversion de glucosa a 2-cetogluconato (Lynch
& Franklin, 1978). Esto sugeria que en Pseudomonas fluorescens no se reprimia la

sintesis de la glucosa deshidrogenasa y la gluconato deshidrogenasa.

En las bacterias de la especie P. aeruginosa las enzimas Zwf, Eda, Glk y Edd
son estrictamente coinducibles en presencia de glucosa, gluconato, manitol, fructosa,
glicerol o glicerol-3-fosfato y estan sujetas a represion catabolica por intermediarios
del ciclo del ciclo de Krebs (Temple et al., 1990). Sin embargo, cuando Petruschka et
al. (2002) estudiaron la represion catabolica del promotor del gen zwf (P,ys), en P.
putida H y KT2440, observaron que el efecto del succinato y el lactato en la
induccion de la transcripcion de zwf y la actividad glucosa-6-fosfato deshidrogenasa
era mucho mas bajo que el encontrado en P. aeruginosa. Estos resultados, sugerian
que la expresion de P,,r no estaba sujeta a represion catabolica por succinato en

ambas cepas de P. putida.

Ademas, la actividad de la glucosa-6-fosfato deshidrogenasa (Zwf) de la via
fosforilativa se inhibe por ATP (Lessie & Neidhardt, 1967; Lessmann et al., 1975;
Maurer et al., 1982; Schindler & Schlegel, 1969), la cual provoca una disminucion en
su afinidad por NAD" y/o por la D-glucosa-6-fosfato. Las bacterias de la especie P.
fluorescens tienen dos enzimas Zwf; una sensible a ATP y activa con NAD" 0o NADP"
y otra especifica de NADP". En cambio, P. aeruginosa sélo presenta una glucosa-6-
fosfato deshidrogenasa, que es inhibida fuertemente por ATP (Lessie & Neidhardt,
1967). Se ha sugerido que la fuerte inhibicion de Zwf por ATP ocurre para prevenir la

degradacion de ATP bajo condiciones de gluconeogénesis, donde las hexosas fosfato
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son esenciales para la biosintesis del material de la pared celular y otras

macromoléculas precursoras (Lessie & Neidhardt, 1967).

3. El pldésmido TOL: Modelo de control transcripcional de las rutas
catabolicas

Se han aislado pldsmidos que degradan tolueno y xilenos, de diferentes
localizaciones alrededor del mundo. Estos plasmidos tienen diferentes tamaifios,
incompatibilidades de grupo, organizacion de genes catabdlicos, pero normalmente

codifican rutas enzimaticas similares (Assinder & Williams, 1990).

El plasmido TOL pWWO0 (117 kb) de P. putida es el plasmido catabodlico
mejor estudiado y fue aislado por Peter Williams a principios de los afios 70. El
plasmido permite a P. putida degradar tolueno y xilenos, m-etiltolueno y 1,3,4-
trimetilbenceno (Assinder & Williams, 1990; Kunz & Chapman,1981; Worsey &
Williams, 1975). La transferencia del plasmido a otras Pseudomonas les confiere la
capacidad de utilizar estos hidrocarburos (Ramos-Gonzalez et al., 1991). La
informacion genética para el metabolismo coordinado de estos hidrocarburos esta
codificada por los operones xyl del plasmido TOL, los cuales se localizan en dos
transposones Tn4651 (con un tamafio de 56 kb) y Tn4653 (con un tamafio de 70 kb)
(Shingler & Pavel, 1995). Posee 148 marcos de lectura abiertos (ORFs) (Greated et
al., 2002) y se ha localizado la zona del origen de replicacion y la region implicada en

las funciones de transferencia (Franklin et al., 1981).

Los genes xyl se agrupan en dos bloques diferenciados que se transcriben en la
misma direccion; el operdén upper, que codifica las enzimas para oxidar
tolueno/xilenos hasta acido benzoico/toluatos y el operon meta, en el que las enzimas
oxidan el 4cido benzoico/toluatos hasta los intermediarios del ciclo de Krebs. La
degradacion de tolueno e hidrocarburos similares hasta los intermediarios del ciclo de
Krebs comienza con la oxidacion del grupo metilo del carbono 1 del anillo aromatico
por accion de una monooxigenasa para producir el correspondiente alcohol bencilico
(Figura 3). La oxidacion posterior de la cadena lateral se lleva a cabo por dos
deshidrogenasas dando lugar al benzaldehido, y éste al benzoato. Este conjunto de

reacciones constituye la ruta upper. Los acidos carboxilicos son metabolizados a
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través de la ruta meta, en la cual el benzoato es oxidado y descarboxilado en el catecol
correspondiente. Estos compuestos sufren una fision en meta para dar lugar al acido
2-hidroximucodnico semialdehido. EI metabolismo del semialdehido rinde 2-oxopenta-
4-enoato que es canalizado hasta los intermediarios del ciclo de Krebs (Figura 3)

(Harayama et al., 1989; Ramos et al., 1997).

Ruta upper Ruta meta

CHs CH,0OH CHO COOH OH F|{
C=0
OH 00
—_— —_— —_— —_—> u —> TCA
OH
R R R R R

Figura 3. Catabolismo del tolueno o hidrocarburos similares hasta intermediarios del ciclo de
Krebs. El tolueno se metaboliza hasta acido benzoico a través de la ruta upper y este acido es catabolizado hasta

los intermediarios del ciclo de Krebs (TCAI) a través de la ruta meta.

La organizacion y la funcion de los genes catabolicos de los operones upper y
meta se determind mediante mutagénesis con transposones, clonacion y secuenciacion
del ADN, asi como por estudios de expresion de los mismos. La ruta upper codifica
siete genes XyYlJUWCMABN (Harayama et al., 1984; Williams et al., 1997), y los
enzimas implicados en la degradacion de benzoatos hasta intermediarios del ciclo de
Krebs estan codificados por la ruta meta. El orden de los genes,
xyIXYZLTEGFJQKIH, lo establecieron Haramaya & Rekik (1990). Los trece genes se
extienden sobre 11 kb y constituyen uno de los operones mas largos de procariotas

(Haramaya et al., 1984; Marqués et al., 1993).

Adyacente al extremo 3” corriente abajo del operén meta se localizan dos
genes reguladores, XylS y xyIR, que se transcriben desde promotores divergentes
(Figura 4) (Inouye et al., 1987b; Marqués et al., 1994; Ramos et al., 1987a). El gen
XyIR codifica la proteina XyIR, que pertenece a la familia de reguladores de
NtrC/NifA (Morett & Segovia, 1993). El gen xylS codifica la proteina XylS que
pertenece a la familia de reguladores transcripcionales de AraC/XylS (Gallegos et al.,

1993; Gallegos et al.,1997; Ramos et al., 1990b).
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Figura 4. Los promotores del plasmido TOL bajo el control de la proteina XyIR y XylS. La region
intergénica de 300 pb entre los genes reguladores XyIS y XyIR, tiene cuatro promotores: dos promotores de xyIR
dependientes de o, Py y Pro y divergentes a éstos, los promotores de xyIS Ps; y Ps,, dependientes de o y de o
respectivamente. El gen xyIR se expresa a partir de los promotores Py, transcribiendo la proteina XyIR inactiva
(XyIR;) (O) la cual, en presencia de tolueno, se activa (XyIR,) (W) y estimula la transcripcion (+) desde Puy Pg; y
reprime su propia sintesis (-). El factor o°* participa en al transcripcion de Pu'y Pg;. La proteina IHF tiene un papel

positivo en la transcripcion del promotor Pu. E1 gen xylS se expresa a partir del promotor Ps, dependiente de o”°,
transcribiendo la proteina XylS inactiva (XylS;) (O), la cual en presencia de m-metilbenzoato se activa (XyIR,) (@)

y estimula la transcripcion de la ruta meta desde Pm. (Ramos et al., 1997).

El modelo de control de la expresion de las rutas catabolicas de los operones
del plasmido TOL, explica la induccion de enzimas de cada operén en P. putida
(pWWO) en células cultivadas en fase exponencial en xilenos o toluatos (Marqués &
Ramos, 1993). El control genético de los operones refleja su organizacion bioquimica.
Existen dos lazos reguladores; uno, funciona en células cultivadas en toluatos (lazo
meta) y el otro sistema (lazo upper) funciona creciendo con xilenos, pero la expresion

de ambos estd coordinada.

3.1. Lazo meta

El lazo meta funciona de tal manera, que en células cultivadas en ausencia de
efectores, el gen XylS se expresa constitutivamente a niveles bajos a partir del

promotor Pg, dependiente de ¢’’ y se produce una pequefia cantidad de proteina

inactiva (XylS;) (Gallegos et al., 1996; Gonzalez-Perez et al., 1999) (Figura 4).
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Cuando el efector se afiade al medio de cultivo, la proteina XylS; interacciona con el
efector y es activada (XylS,) para estimular la transcripcion del promotor Pm de la
ruta meta (Franklin et al., 1981; Franklin et al., 1983; Inouye et al., 1984; Marqués et
al., 1994; Ramos et al., 1986). La presencia de m-metilbenzoato es detectado por la
célula como compuesto toxico y desencadena una respuesta a estrés que lleva a un
aumento de la concentracion de o2, por otro lado necesario para la transcripcion
desde Pm durante el crecimiento en fase exponencial (Dominguez-Cuevas et al.,
2005; Marqués et al., 1999; Ramos et al., 1997). En ausencia de XylS el promotor Pm
responde a benzoato pero no a m-metilbenzoato. Kessler et al. (1994) propusieron que
ello podia deberse a la regulacion cruzada que existe entre la ruta meta de TOL y el
regulador BenR del cromosoma, ya que tanto XylS como BenR reconocen la misma

secuencia en la region promotora de Pm.

3.2. Lazo upper

Cuando el efector en el medio es tolueno/xilenos, P. putida asegura la
expresion coordinada de los dos operones catabdlicos para que el compuesto
aromatico sea degradado completamente hasta intermediarios del ciclo de Krebs. El
regulador del lazo upper, xyIR controla la transcripcion de la ruta catabolica en células
cultivadas en tolueno/xilenos, es dependiente de dos promotores que se transcriben
por la ARN polimerasa con ¢'° y ademas controla su propia sintesis (Figura 4). La
proteina inactiva (XylR;) interacciona directamente con la molécula efectora (Delgado
& Ramos, 1994), cambia su conformacion y adquiere una forma activa (XylR,) y asi
estimula la transcripcion del operon de la ruta upper a partir del promotor Pu, que
requiere la presencia de o>* y de la proteina IHF (Abril et al., 1991; Bertoni et al.,
1998; Gomada et al., 1994). La union de IHF produce una curvatura en el ADN,
facilitando el contacto entre el activador y la ARNPG* unidos a distancia (Seong et
al., 2002) necesaria para la formacion del complejo abierto y el comienzo de la
transcripcion. La proteina XylR, también estimula la expresion del gen XxylS,
induciendo la transcripcién a partir del promotor Ps; dependiente de o' y de la
proteina HU. Como resultado, en las células cultivadas en xilenos, XylS se expresa de
dos promotores; el promotor Ps, que es constitutivo e independiente de XyIR y el
promotor Ps; que es dependiente de o>* y XylR. El gen xylIS es sobreexpresado y la

proteina XylS; se activa bajo estas condiciones, y asi, es capaz de activar la
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transcripcion de la ruta meta a partir del promotor Pm, incluso en ausencia del efector
de la ruta meta (Inouye et al., 1987a; Mermod et al., 1987; Ramos et al., 1987b). La
proteina IHF ejerce un efecto represor en Ps;, y la proteina HU ejerce un efecto
positivo. La curvatura del ADN en Pg; parece ser insuficiente y HU aumenta la
flexibilidad de la region facilitando el contacto de XyIR con las UAS y la ARNPc™
(Pérez-Martin & de Lorenzo, 1995).

En este trabajo de Tesis Doctoral se ha avanzado en la elucidacion de las rutas
de degradacion de glucosa en P. putida, y el mecanismo de regulacion cruzada en el
metabolismo de glucosa y tolueno cuando P. putida (pWWO0) se cultiva en presencia

de estos compuestos como fuente de carbono.
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I1. Objetivos

A lo largo de esta Tesis Doctoral hemos estudiado el metabolismo de la glucosa en
Pseudomonas putida partiendo de trabajos anteriores en esta especie (Vicente &
Cénovas, 1973a), en los cuales se describia que el metabolismo de la glucosa en
Pseudomonas putida ocurria a través de la via oxidativa hasta 6PG, el cual rinde
piruvato y gliceraldehido-3-fosfato a través de la ruta de Entner-Doudoroff. Al
comparar estos estudios con la informacion obtenida a partir de la secuenciacion del
genoma de P. putida KT2440 (Nelson et al., 2002), vimos que no coincidian y
quisimos esclarecer las vias que esta cepa utiliza para metabolizar éste azlcar.
También nos interes6 la distribucion de los genes, asi como los reguladores
implicados en el metabolismo de la glucosa. Por otro lado, muchos autores han
estudiado el efecto de represion catabolica de la glucosa sobre el metabolismo de
aromaticos (Cases et al., 1999; Aranda-Olmedo et al., 2005) y nosotros quisimos
observar este efecto cuando las células crecian en presencia de dos fuentes de carbono
metabolizables por Pseudomonas putida, glucosa y tolueno. Con el fin de esclarecer
las vias operativas en el metabolismo de la glucosa en las bacterias de la especie P.
putida KT2440 y el efecto de represion catabolica que ejercia la glucosa sobre el

metabolismo del tolueno y/o viceversa, se plantearon los siguientes objetivos:

1. Estudio del metabolismo de la glucosa de P. putida KT2440. Analisis de la

organizacion global de los genes. Estudio transcriptomico en respuesta a glucosa.

2. Analisis del flujo de la glucosa en el metabolismo global de P. putida KT2440.

3. Identificacion de los posibles reguladores de los operones del metabolismo de la

glucosa.
4. Utilizacion simultanea de glucosa y tolueno en P. putida KT2440 y sus mutantes.

Estudio del de flujo metabdlico y andlisis transcriptomico. Identificacion de los

metabolitos y de los reguladores implicados en la represion catabdlica.
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II1. Resultados

I11. CAPITULO 1. RESUMEN.

Convergent peripheral pathways catalyze initial glucose catabolism in
Pseudomonas putida: Genomic and Flux analysis.

Teresa del Castillo, Juan L. Ramos, José J. Rodriguez-Herva, Tobias Fuhrer, Uwe Sauer, y
Estrella Duque

En este estudio, mostramos que el catabolismo de la glucosa en Pseudomonas
putida ocurre a través de tres rutas que operan simultaneamente y que convergen a
nivel del 6-fosfogluconato, el cual se metaboliza a compuestos intermedios centrales
por accion de las enzimas Edd y Eda, de la ruta de Entner/Doudoroff. Cuando la
glucosa entra en el espacio peripldsmico a través de porinas especificas como OprB,
puede pasar al citoplasma o ser oxidada a gluconato. La glucosa es transportada al
interior del citoplasma en un proceso mediado por un sistema de transporte tipo ABC
codificado por los marcos de lectura abiertos PP1015 al PP1018 y ser entonces
fosforilada por la glucoquinasa (codificada por el gen glk) y convertida por la
glucosa-6-fosfato deshidrogenasa (codificada por el gen zwf) a 6-fosfogluconato. El
gluconato en el periplasma puede ser transportado al citoplasma y posteriormente
fosforilado por la gluconoquinasa a 6-fosfogluconato u oxidado a 2-cetogluconato, el
cual es transportado al citoplasma y posteriormente fosforilado y reducido a 6-
fosfogluconato. En la cepa silvestre, el consumo de glucosa fue de alrededor de 6
mmol g’ h', el cual permiti6 una velocidad de crecimiento de 0,58 h”' y un
rendimiento de 0,44g de biomasa/g carbono utilizado. Anédlisis de flujo con glucosa
marcada con "C reveld que, en el ciclo de Krebs, la fraccion mayoritaria de
oxalacetato se produjo por la via del piruvato, mas que de la oxidacion directa de
malato por la malato deshidrogenasa. Las enzimas, los reguladores y los sistemas de
transporte de las tres rutas se indujeron en respuesta a glucosa en el medio externo
como revelaron ensayos enzimaticos y microarrays. Generamos una serie de mutantes
isogénicos en uno o mas de los pasos de las tres rutas y encontramos que, aunque los
tres funcionan simultineamente, la ruta de la glucoquinasa y el bucle del 2-
cetogluconato fueron cuantitativamente mas importantes que la fosforilacion directa a
gluconato. En términos de organizacion fisica, los genes del catabolismo de la glucosa
estan organizados en una serie de grupos dispersos a lo largo del cromosoma. Dentro
de cada uno de los grupos, los genes que codifican las porinas, transportadores,
enzimas, y reguladores forman operones, sugiriendo que los genes de cada grupo
coevolucionaron. El gen glk que codifica la glucoquinasa se localiz6 en un operén con
el gen edd, mientras que el gen zwf-1, que codifica la glucosa-6-fosfato
deshidrogenasa, forma un operdn con el gen eda. Por tanto, los genes de la ruta de la
glucoquinasa y los de la ruta de Entner-Doudoroff estan fisicamente ligados y se
inducen simultaneamente. Por eso, podemos concluir que la ruta de la glucoquinasa es
sine qua non para que P. putida crezca en glucosa.
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In this study, we show that glucose catabolism in Pseudomonas putida occurs through the simultaneous operation
of three pathways that converge at the level of 6-phosphogluconate, which is metabolized by the Edd and Eda
Entner/Doudoroff enzymes to central metabolites. When glucose enters the periplasmic space through specific OprB
porins, it can either be internalized into the cytoplasm or be oxidized to gluconate. Glucose is transported to the
cytoplasm in a process mediated by an ABC uptake system encoded by open reading frames PP1015 to PP1018 and
is then phosphorylated by glucokinase (encoded by the glk gene) and converted by glucose-6-phosphate dehydro-
genase (encoded by the zwf genes) to 6-phosphogluconate. Gluconate in the periplasm can be transported into the
cytoplasm and subsequently phosphorylated by gluconokinase to 6-phosphogluconate or oxidized to 2-ketoglu-
conate, which is transported to the cytoplasm, and subsequently phosphorylated and reduced to 6-phosphoglu-
conate. In the wild-type strain, glucose was consumed at a rate of around 6 mmol g~" h™", which allowed a growth
rate of 0.58 h™' and a biomass yield of 0.44 g/g carbon used. Flux analysis of "*C-labeled glucose revealed that, in
the Krebs cycle, most of the oxalacetate fraction was produced by the pyruvate shunt rather than by the direct
oxidation of malate by malate dehydrogenase. Enzymatic and microarray assays revealed that the enzymes,
regulators, and transport systems of the three peripheral glucose pathways were induced in response to glucose in
the outer medium. We generated a series of isogenic mutants in one or more of the steps of all three pathways and
found that, although all three functioned simultaneously, the glucokinase pathway and the 2-ketogluconate loop
were quantitatively more important than the direct phosphorylation of gluconate. In physical terms, glucose
catabolism genes were organized in a series of clusters scattered along the chromosome. Within each of the clusters,
genes encoding porins, transporters, enzymes, and regulators formed operons, suggesting that genes in each cluster
coevolved. The glk gene encoding glucokinase was located in an operon with the edd gene, whereas the zwf-1 gene,
encoding glucose-6-phosphate dehydrogenase, formed an operon with the eda gene. Therefore, the enzymes of the
glucokinase pathway and those of the Entner-Doudoroff pathway are physically linked and induced simultaneously.
It can therefore be concluded that the glucokinase pathway is a sine qua non condition for P. putida to grow with

glucose.

It is well established that bacteria of the genus Pseudomonas
metabolize glucose exclusively by the Entner-Doudoroff (ED)
pathway (9, 48, 49, 50, 52), in which 6-phosphogluconate is the
key intermediate. The initial breakdown of glucose to 6-phos-
phogluconate in Pseudomonas putida was proposed to be cat-
alyzed primarily by two consecutive periplasmic oxidation re-
actions mediated by glucose dehydrogenase and gluconate
dehydrogenase. The resulting 2-ketogluconate is then trans-
ported into the cell and converted into 2-keto-6-phosphoglu-
conate, which is later reduced to 6-phosphogluconate (Fig. 1)
(21, 28). The above proposal was supported by the fact that
mutants from P. putida Y-71.4 that were unable to synthesize
6-phosphogluconate from 2-ketogluconate grew very slowly on
glucose or gluconate. In the ED pathway (9), 6-phosphoglu-
conate is converted into 2-keto-3-deoxy-6-phosphogluconate
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by the EDD enzyme. This product is in turn split into pyruvate
and glyceraldehyde-3-phosphate by EDA, which yields central
metabolism compounds.

In P. putida ATCC 12633, Vicente and Céanovas (48, 49)
were only able to obtain mutants unable to grow on glucose
blocked in the edd and eda genes. Failure to obtain mutants in
the steps from glucose to 6-phosphogluconate, which appar-
ently seemed to contradict the suggestion that glucose can be
degraded only via gluconate, as in P. putida Y-71.4, was ex-
plained by arguing that P. putida strain ATCC 12633 might
have two distinct glucose dehydrogenase proteins, although no
direct experimental support was available.

In addition to the above-mentioned pathway for the conver-
sion of glucose into 6-phosphogluconate, another pathway has
been described in other species of the genus Pseudomonas.
Pseudomonas aeruginosa can use the glucokinase pathway, in
which glucose is phosphorylated to glucose-6-phosphate, which
is subsequently oxidized to 6-phosphogluconate by glucose-6-
phosphate dehydrogenase (8, 16, 18, 19, 20, 30, 39, 40, 45).
Failure to detect glucokinase activity in several P. putida strains
growing on glucose led several groups to propose that the
glucose-6-phosphate pathway was nonfunctional in P. putida
(12, 23, 27, 36, 37, 48, 49).
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FIG. 1. Glucose catabolism in P. putida as deduced from gene annotations. At the top are the events that occur in the outer membrane and
the reactions that take place in the periplasmic space. Also shown are the transport of glucose, gluconate, and 2-ketogluconate into the cell. The
set of catabolic reactions that take place in the cytoplasm is depicted. The genes encoding the enzymes involved are indicated for all of the steps.

OM, outer membrane; PG, periplasmic space; IM, inner membrane.

In different species of the genera Bacillus, Oceanobacillus,
Staphylococcus, Geobacillus, and others (Swiss Prot/ErTEMBL),
the synthesis of 6-phosphogluconate has been shown to also
occur through direct phosphorylation of the gluconate formed
by glucose oxidation in a reaction catalyzed by gluconokinase
(14, 38, 41). This reaction has been proposed to be of minor, if
any, importance in P. putida KT2440 (47).

Based on the genome annotation of P. putida KT2440 (29,
32, 51), Velazquez et al. (47) proposed the metabolic pathways
potentially available for the use of glucose, identifying a single
open reading frame (ORF) in the database of The Institute of
Genomic Research (TIGR) (http://www.tigr.org) for each of
the reactions summarized in Fig. 1. The first and most remark-
able feature of the network of transformations that results
from projecting the genomic data of KT2440 is that, in prin-
ciple, it does not fit with the earlier proposal for glucose me-
tabolism in different strains of P. putida (15, 21, 28, 36, 48, 49),
because up to three pathways to transform glucose into 6-phos-
phogluconate were identified in silico: (i) the glucose kinase
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pathway, in which glucose-6-phosphate is the intermediate
(Fig. 1); (ii) the direct phosphorylation of gluconate mediated
by gluconokinase (Fig. 1); and (iii) the ketogluconate loop,
which involves the oxidation of gluconate to 2-ketogluconate
(Fig. 1).

This study was undertaken to shed light on the initial steps
of glucose metabolism in the soil bacterium P. putida KT2440
(25) by generating and characterizing mutants in each of the
potential branches leading to 6-phosphogluconate. Growth
analysis, metabolic fluxes from glucose in wild-type and iso-
genic mutant strains, and biochemical and gene expression
analysis led us to conclude that P. putida KT2440 uses multiple
peripheral pathways to convert glucose into the key pathway
intermediate, 6-phosphogluconate.

MATERIALS AND METHODS

Bacterial strains, culture media, and growth conditions. P. putida KT2440 and
a series of isogenic mutant strains with insertions in genes encoding the ED
pathway or in the peripheral pathways leading to 6-phosphogluconate are shown
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TABLE 1. Strains and plasmids used in this study

Genotype or relevant

Strain or plasmid Reference

characteristics®
Strains
P. putida
KT2440 Wild type, prototroph; Cm" Rif" This laboratory
M1044” edd::mini-Tn5-Km; Km" Rif" 7
M1128° eda::mini-Tn5-Km; Km" Rif* 7
M438° ged::mini-Tn5-Km; Km" Rif" 7
M580° gnuK::mini-Tn5-Km; Km" Rif" 7
M348> kguD::mini-Tn5-Km; Km" Rif" 7
PSC278¢ glk::pCHESIQ-Km; Rif" This study
E. coli
CC118\pir Host to replicate suicide plasmids 17
based on R6K origin
HB101 (pRK600)  Host used for cloning assays 17
Plasmids
pUT-Km Source of mini-Tn5; Km" 17
pRK600 Helper plasmid; Tra* mob™ Cm" 17
pCHESIQKm Km" 22

“ Cm", Km', and Rif" stand for resistance to chloramphenicol, kanamycin, and
rifampin, respectively.

b Collection of KT2440 mutants available at the Consejo Superior de Investi-
gaciones Cientificas, Granada, Spain.

¢ Pseudomonas Stock Center.

in Table 1, as well as the Escherichia coli strains used in this study. Bacterial
strains were grown at 30°C in either Luria-Bertani or modified M9 minimal
medium (1, 6) with benzoate (15 mM), glucose (0.3% [wt/vol]), or sodium citrate
(16 mM) as a carbon source. Liquid cultures were agitated on a gyratory shaker
operated at 200 rpm. When appropriate, antibiotics were added at the following
concentrations: kanamycin (Km), 25 pg/ml, and rifampin (Rif), 10 pug/ml.

For '3C-labeling experiments, cells were grown in 250-ml baffled shake flasks
containing 20 ml M9 medium at 30°C and 200 rpm. Glucose was added entirely
in the form of the 1-'*C-labeled isotope isomer (99% pure; Omicron Biochemi-
cals, Inc., South Bend, IN) or in the form of a mixture of 20% (wt/wt) [U-"*C]glu-
cose (>99% pure; Martek Biosciences Corporation, Columbia, MD) and 80%
(wt/wt) natural glucose.

Analytical procedures and physiological parameters. Cell growth was moni-
tored by measuring the turbidity of the cultures at 660 nm. Glucose and acetate
concentrations were determined enzymatically with commercially available Kits
(Boehringer Mannheim). Gluconate and 2-ketogluconate were determined at
210 nm after separation of products by high-pressure liquid chromatography
(Perkin-Elmer) using a Supercogel Cg (4.6 X 250 mm) high-pressure liquid
chromatography column. The liquid phase was 5 mM sulfuric acid, and the flow
rate was 0.6 ml/min at 60°C. To determine the cell dry weight (CDW), 10-ml cell
suspensions were harvested by centrifugation at 15,800 X g in a centrifuge using
predried and weighed 10-ml tubes. The pellets were washed with 0.9% (wt/vol)
NaCl and dried at 105°C for 24 h to a constant weight.

The following physiological parameters were determined by regression anal-
ysis during the exponential growth phase in batch cultures (35): maximum spe-
cific growth rate, biomass yield on glucose, specific glucose consumption, and
by-product formation rates.

Sample preparation and gas chromatography-mass spectrometry analysis.
Cell aliquots were harvested in precooled tubes (—4°C) during mid-exponential
growth by centrifugation of 7 to 10 ml of the culture broth at 1,200 X g and 4°C
for 20 min. The pellet was washed twice with 1 ml of 0.9% (wt/vol) NaCl,
hydrolyzed in 1.5 ml 6 M HCI for 24 h at 110°C in sealed 2-ml Eppendorf tubes,
and desiccated overnight in a heating block at 85°C under a constant air stream.
The hydrolysate was dissolved in 50 pl 99.8% pure dimethyl formamide and
derivatized with N-methyl-N-(tert-butyldimethylsilyl)-trifluoroacetamide as de-
scribed previously (5, 10, 26). One microliter of the derivatized sample was
injected into a Hewlett-Packard series 8000 gas chromatographer combined with
a model MD 800 mass spectrometer (Fisons Instruments) and analyzed as
described previously (5, 10, 26).

METAFoR analysis. For metabolic-flux ratio (METAFoR) analysis, the mass
spectra of the derivatized amino acids alanine, glycine, valine, leucine, isoleucine,
proline, serine, threonine, phenylalanine, aspartate, glutamate, histidine, and
tyrosine were corrected for the natural abundances of all stable isotopes and

J. BACTERIOL.

unlabeled biomass from the inoculum. Lysine and methionine are not required
for the METAFoR analysis used in this study, whereas arginine, asparagine,
cysteine, glutamine, and tryptophan are not detectable (42). The amino acids are
synthesized from one or more metabolic intermediates, and the mass isotopomer
distribution vector of these metabolites was derived from the mass isotopomer
distribution vector of the amino acids and used to calculate the fractional con-
tribution of a given pathway or reaction to a target metabolite pool (metabolic-
flux ratios) by using a set of algebraic equations implemented in the MATLAB-
based program Fiat Flux (26, 55).

Net-flux analysis and master reaction network. The metabolic models used for
net-flux analysis were based on the master reaction network, which included 45
reactions and 33 metabolites. Respiration, biomass formation, and a transhydro-
genase reaction were included as additional reactions, and ATP and the cofac-
tors NADH and NADPH were included as additional metabolites. Net fluxes
were then calculated using (i) the stoichiometric reaction matrix, (ii) the
METAFoR analysis-derived flux ratios, (iii) physiological data, and (iv) precur-
sor requirements for biomass synthesis, as described previously (11, 13, 26).
Specifically, the following flux ratios were used: pyruvate derived through the ED
pathway, oxaloacetate (OAA) originating from phosphoenolpyruvate or pyru-
vate, the lower and upper bounds of pyruvate originating from malate, and the
upper bound of phosphoenolpyruvate derived through the pentose phosphate
pathway. The stoichiometric matrix was then solved with the MATLAB-based
program by minimizing the sum of the weighted-square residuals of the con-
straints from both metabolite balances and flux ratios to obtain estimated net
fluxes (55).

DNA techniques. Preparation of plasmid and chromosomal DNA, digestion
with restriction enzymes, ligation, electrophoresis, and Southern blotting were
done by standard methods (2).

Preparation of RNA and reverse transcriptase (RT)-PCR. P. putida KT2440
cells were grown overnight in M9 medium with glucose. The cells were then
diluted to reach a turbidity at 660 nm of 0.05 in fresh M9 medium with glucose
as the sole carbon source and were incubated until the culture reached a turbidity
of 1.0 at 660 nm. Then, 15 ml of the cultures was harvested by centrifugation at
7,000 X g for 5 min. Total bacterial RNA was isolated as described by Marqués
et al. (24). Extracts were treated with RNase-free DNase I (10 U/pl) in the
presence of an RNase inhibitor cocktail (RNaseOUT; 40 U/pl).

RT-PCR was done with 0.5 pg RNA in a final volume of 20 .l using the Titan
OneTube RT-PCR system according to the manufacturer’s instructions (Roche
Laboratories). The annealing temperature used for RT-PCR was between 50°C
and 58°C, and the cycling conditions were as follows: 94°C for 10 s, 50 to 58°C for
30 s, and 68°C for 30 s. Positive controls (with DNA as the template and Tag
polymerase) and negative controls (with RNA as the template and Tag polymer-
ase) were included in all the assays.

Mini-Tn5 mutagenesis of P. putida strain KT2440. Mini-Tn5 transposon mu-
tagenesis was carried out by performing triparental mating between P. putida
KT2440R (Rif"), E. coli CC118\pir (pUT-Km), and the helper strain E. coli
HB101(pRK600), as described by Duque et al. (7). After 4 h of conjugation, the
transconjugants were selected as Rif" Km" clones on M9 medium with citrate as
a carbon source. Among the set of transconjugants, we searched for mutants
unable to grow on M9 medium with glucose as a carbon source. This allowed us
to identify mutants with insertions in the edd and eda genes (see below). Other
mutants, with insertions in the ged, gnuK, kguK, and kguD genes, were obtained
from the Pseudomonas Reference Culture Collection (7). The transposon inser-
tion site in each of the mutants was confirmed by DNA sequencing (7).

Site-specific homologous inactivation of glk. To construct a mutant strain
bearing an inactivated chromosomal version of the glk gene, we generated the
corresponding knockout using the appropriate derivative of pPCHESIQKm. Plas-
mid pCHESIOKm is based on pUC18 and bears the origin of transfer oriT of
RP4 and the (-Km interposon of plasmid pHP450Km cloned as a HindIII
fragment (22). To generate the desired mutation, an internal fragment (540 bp)
of the target gene was amplified by PCR with primers provided with EcoRI and
BamHI sites and subsequently cloned between the EcoRI and BamHI sites of
pCHESIOKm in the same transcriptional direction as the lacp promoter. The
recombinant plasmid was mobilized from E. coli CC118\pir into P. putida
KT2440 by triparental mating with the E. coli HB101(pRK600) helper strain
(33). P. putida KT2440 transconjugants bearing a cointegrate of the plasmid in
the host chromosome were selected on M9 minimal medium with benzoate (15
mM) as the sole carbon source and kanamycin (33). The nature of the mutation
in a few randomly chosen Km" clones was confirmed by PCR using a primer
based on the Km" gene and another primer that was complementary to the glk
gene. One correct clone was randomly chosen, and the nature of the mutation
was confirmed by Southern blotting (not shown).
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TABLE 2. Growth characteristics of P. putida KT2440 and isogenic mutants with mutations in the glucose metabolism network®

5145

Strain P (B0 Gluconate” 2-Ketogluconate” Biomass yield (CDW Carbon uptake
max (mM) (mM) [g)/g of C used)* (mmol g~' h™1)
KT24420 0.56 = 0.02 1.75 £ 0.36 0.53 = 0.02 0.44 = 0.01 6.31 = 0.05
Ged 0.45 = 0.03 ND¢ ND 0.37 = 0.01 5.50 = 0.01
Glk 0.41 = 0.01 0.61 = 0.06 0.49 = 0.14 0.35 = 0.02 5.44 = 0.10
GnuK 0.54 = 0.02 1.7 =033 31+135 0.46 = 0.06 5.31 = 0.07
KguD 0.44 = 0.02 2.0=0.14 3.46 = 1.36 0.44 = 0.02 5.30 = 0.10
Edd NG* ND ND
Eda NG ND ND

“ Data are the averages and standard deviation of the results for at least four independent cultures, each of them analyzed in duplicate.

> Maximal concentration in the culture medium.

¢ Total carbon uptake was calculated from the sum of all three extracellular concentrations of glucose, gluconate, and 2-ketogluconate.

4 NG, no growth.
¢ ND, not detected.

Preparation of cell extracts. Cells were grown in batch in M9 medium with
glucose or citrate as the carbon source until the culture reached a turbidity of
around 0.8 at 660 nm. The cells were then harvested by centrifugation at 8,000 X g
for 7 min, washed twice in 50 mM phosphate buffer (pH 7.0), and frozen at
—20°C. To prepare cell extracts, cells were resuspended in 1 ml buffer (100 mM
Tris-HCI, pH 7.5, 5 mM MgCl,, 2 mM dithiothreitol, and protease inhibitor
Cocktail Tabs Complete, EDTA free). The cells were disrupted in a French press
at 120 MPa. Whole cells and debris were removed by centrifugation at 11,180 X
g (45 min; 4°C). The clear supernatant was considered the cell extract. The
protein concentration in the cell extract was determined by the Bradford method,
using bovine serum albumin as the standard.

Enzyme assays. Enzyme assays were performed at 30°C, and the formation of
NAD(P)H was monitored at 340 nm in a Shimadzu UV-160A spectrophotom-
eter. The reaction assays for glucokinase and gluconokinase were as described
earlier (18, 44). Specific activities were calculated based on an NAD(P)H ex-
tinction coefficient of 6.3 mM~!' - ecm™".

P. putida microarrays. The genome-wide DNA chip used in this work (printed
by Progenika Biopharma) was described in detail previously (54). It consists of an
array of 5,539 oligonucleotides (50-mer) spotted in duplicate onto y-aminosi-
lane-treated slides and covalently linked by UV light and heat. The oligonucle-
otides represent 5,350 of the 5,421 predicted ORFs annotated in the P. putida
KT2440 genome (29, 54). The chips are also endowed with homogeneity controls
consisting of oligonucleotides for the rpoD and rpoN genes spotted at 20 different
positions, as well as duplicate negative controls at 203 predefined positions.

Microarray hybridization and data analysis. RNA isolation and preparation
of labeled cDNA were done exactly as described by Duque et al. (7). To this end,
P. putida KT2440 cells were grown on M9 medium with glucose or citrate as the
carbon source. Prior to the hybridization process, the microarray slides were
blocked by immersion in 5X SSC (1xX SSC is 0.15 M NaCl, 15 mM sodium
citrate, pH 7), 0.1% (wt/vol) sodium dodecyl sulfate (SDS), 1% (wt/vol) bovine
serum albumin for 1 h at 42°C. Then, the slides were washed by two successive
immersions in MilliQ water at room temperature, followed by a final wash with
isopropanol. The slides were spin dried by centrifugation at 1,500 X g for 5 min
and used within the next hour. Equal amounts of Cy3- and Cy5-labeled cDNAs,
one of them corresponding to the control and the other one to the problem to be
analyzed, were mixed, dried in a Speed-Vac, and reconstituted in 35 wl hybrid-
ization buffer (5X SSC, 25% [vol/vol] formamide, 0.5% [wt/vol] SDS, 5X Den-
hardt’s solution, 5% [wt/vol] dextran sulfate) preheated to 42°C. The labeled
probe was denatured at 98°C for 3 min, applied to the microarray slide, and
covered with a glass coverslip. The slide was then placed in a humidified hybrid-
ization chamber (AHC Arraylt hybridization cassette; Telechem International,
Inc.) and incubated for 18 to 20 h in a water bath at 42°C in the dark. After
hybridization, the microarrays were washed by gentle agitation in 2X SSC, 0.1%
[wt/vol] SDS at 42°C for 5 min, followed by a 5-min wash at room temperature
in 1X SSC, two 5-min washes in 0.2X SSC, and a final 5-min wash in 0.1X SSC.
Finally, the slides were spin dried in a centrifuge at 1,500 X g for 5 min and
scanned on a GenePix 4100A scanner (Axon Instruments, Inc.). Images were
acquired at a 10-wm resolution, and the background-subtracted median spot
intensities were determined with GenePix Pro 5.1 image analysis software (Axon
Instruments, Inc.). The signal intensities were normalized by the LOWESS
intensity-dependent normalization method and analyzed with Almazen System
statistical software (Alma Bioinformatics S. L.). To ensure appropriate statistical
analysis of the results, RNA preparations from at least four independent cultures
were tested for each strain (4). P values were calculated by Student’s ¢ test. A
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particular ORF was considered differentially expressed if (i) the change was
=2.0-fold and (ii) the P value was 0.05 or lower.

RESULTS

Isolation and characterization of mutants deficient in glu-
cose metabolism in KT2440. We first subjected KT2440 to
massive mutagenesis with mini-Tn5 and selected mutants un-
able to use glucose as the sole carbon source. We found mu-
tants with insertions at several locations in the edd and eda
genes. These mutants failed to grow on glucose (Table 2) and
were also unable to use gluconate as the sole carbon source
(not shown). Because the annotation of TIGR pointed toward
the existence of single ORFs encoding glucose dehydrogenase
(gcd; PP1444), glucokinase (glk; PP1011), gluconokinase
(gnuK; PP3416), and 2-ketogluconate-6-phosphate reductase
(kguD; PP3376), we hypothesized that the inability to obtain
mutants in a step above 6-phosphogluconate might be related
to the simultaneous functioning of several peripheral pathways
leading to 6-phosphogluconate from glucose (Fig. 1).

The P. putida Reference Culture Collection has generated a
bank of random mini-Tn5 insertions (7). Inspection of the
mutant collection revealed that a number of clones with inser-
tions in genes encoding peripheral-pathway enzymes—namely,
mutants defective in ged and unable to produce gluconate, as
well as kguD and gnuK mutants that exhibited deficiencies in
gluconate metabolism—were available (Fig. 1). A glk-deficient
mutant unable to synthesize glucokinase, not available in the
collection, was generated by site-directed mutagenesis as de-
scribed in Materials and Methods.

To further investigate glucose catabolism in P. putida
KT?2440, we decided to compare the growth rates in M9 min-
imal medium with 16 mM glucose as the sole carbon source of
the wild-type strain and mutants in each of three potential
peripheral pathways that yield 6-phosphogluconate. Mutants
deficient in either of the initial enzymes (Glk or Ged) exhibited
significantly decreased growth rates (0.41 = 0.01 h™* and 0.45
+ 0.01 h™') compared to that in the wild-type strain (0.56 *
0.02 h™') (Table 2). This indicated that 6-phosphogluconate
was produced simultaneously from glucose-6-phosphate and
gluconate. The reduced growth rate could not be due only to
initially reduced catabolism but also to the metabolic readjust-
ment to produce fructose-6 phosphate. Gluconate can also be
directly phosphorylated to 6-phosphogluconate or converted
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TABLE 3. Levels of Glk and GnuK in KT2440 and its isogenic
mutants growing with different carbon sources”

Strain or mutants C source Glk GnuK
KT2440 Citrate 1.8 +0.7 1.7 0.1
Glucose 21.1 £2.8 18.1 £ 0.8
ged Citrate 1.4+05 1.4 +0.1
Glucose 3170 1.7+04
glk Citrate 0 1.5*0.1
Glucose 0 21.6 = 3.6
gnuk Citrate 1.9+03 0
Glucose 17.6 £ 0.5 0
kguD Citrate 0704 1.1 +0.1
Glucose 228 1.3 10.8 £ 0.8

“ Activities are given as nmol/mg protein - min. The data are the averages and
standard deviations of two to five independent assays run in duplicate. Induced
and uninduced values were in all cases statistically different, except for GnuK
activity in the ged mutant.

into this compound via the 2-ketogluconate loop. A mutant
deficient in 2-ketogluconate metabolism, i.e., with kguD
knocked out, grew at a lower rate (0.44 = 0.01 h™!) than a
mutant deficient in GnuK (0.54 = 0.02 h™'). A mutant defi-
cient in kguK also grew more slowly than the parental strain
and the gnuK mutant. This was interpreted as evidence that
metabolism via 2-ketogluconate is more efficient than the di-
rect phosphorylation of gluconate.

During growth on glucose, P. putida KT2440 accumulated
only relatively low extracellular concentrations of gluconate
(the maximal accumulation was 1.75 = 0.36 mM) and 2-keto-
gluconate (the maximal accumulation was 0.53 = 0.02 mM),
which were eventually consumed. As expected, the mutant
deficient in glucose dehydrogenase (Ged) did not accumulate
gluconate (Table 2). The KguD mutant accumulated the high-
est concentrations of 2-ketogluconate (3.46 = 1.36 mM) and
gluconate (2.0 = 0.14 mM), as expected from the limited op-
eration of the 2-ketogluconate loop, whereas the inactivation
of GnuK led to gluconate accumulation at levels similar to
those found with the parental strain (Table 2). This set of
results supports the notion that KT2440 can assimilate gluco-
nate both via direct phosphorylation to 6-phosphogluconate
and through the 2-ketogluconate loop (Fig. 1).

KT2440 exhibits inducible glucokinase and gluconokinase
activity. To obtain unequivocal support for the notion that
6-phosphogluconate can be simultaneously synthesized from
both glucose-6-phosphate and gluconate, we decided to deter-
mine the levels of glucokinase activity, involved in the direct
phosphorylation of glucose, and gluconokinase activity, in-
volved in the direct phosphorylation of gluconate. To this end,
wild-type cells were grown with citrate or with glucose as the
sole source of carbon, and enzymatic activities were deter-
mined in cell extracts. Relatively low levels of glucokinase and
gluconokinase activity were detected in cells growing on ci-
trate, which increased around 10-fold in cells growing on glu-
cose (Table 3). This indicated that both enzymes were induced
in response to glucose in KT2440.

We also measured these activities in the series of mutants
shown in Table 3 in cells grown with citrate or with the sugar.
On either substrate, all mutants exhibited wild-type-like levels
of glucokinase activity (Table 3), which corroborates the in-
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ducible nature of glucokinase (note that no glucokinase activity
was found in the glk mutant, as expected).

In the gcd mutant, gluconokinase activities were equally low
in cells growing on citrate and glucose. However, in the rest of
the mutant strains, we found that gluconokinase activity was
induced when cells were grown on glucose (Table 3). These
results supported the idea that GnuK is an inducible activity.

Net fluxes from glucose in the wild type and mutants in the
early steps of glucose metabolism. The above-mentioned re-
sults suggested that KT2440 metabolizes glucose through three
initial pathways that converge at the level of 6-phosphoglu-
conate and that their simultaneous operation is necessary to
achieve maximal growth rates. To assess whether the use of
different combinations of these initial pathways further impacts
on the central carbon metabolism, we used metabolic-flux
analysis based on '*C-labeling experiments (10, 26, 42). For
this purpose, batch cultures were initiated with mid-exponen-
tial-phase cultures at a low inoculum density (less than 1% of
the final culture volume) in medium containing 80% natural-
abundance glucose and 20% [U-'">Cg]glucose and, in another
series, with 100% [1-">C]glucose. Because we could not resolve
fluxes through the three initial pathways, they were lumped for
P. putida KT2440 as the total carbon uptake rate. The rate of
carbon uptake by the wild-type strain was estimated to be 6.31 =
0.05 mmol g~ ' h™' for the parental strain, with a biomass
yield of 0.44 g biomass/g carbon used (Table 2). A complete
net-flux distribution for the wild-type strain is depicted in Fig.
2, and the relevant fluxes for the wild-type anaplerosis and
gluconogenesis in P. putida KT2440 and its isogenic mutants
are given in Table 4. As expected, we found that most pyruvate
was produced primarily via the ED pathway. Flux data also
revealed that over 80% of the tricarboxylic acid (TCA) cycle
carbon flux occurs through the so-called pyruvate shunt, which
bypasses malate dehydrogenase in the TCA cycle. This was

Carbon
[] 1 [
¥ |
s-—-—-*GPG
.G6 CO:
~—7P5P
7 /15 o ED

pathway

FIG. 2. In vivo carbon flux distribution in P. putida KT2440 ob-
tained from METAFoR and net-flux analyses. All fluxes were normal-
ized to the glucose uptake rate (6.31 nmol g [CDW] ' h™'), and the
thicknesses of the arrows are scaled to the relative percentages of flux.
GO6P, glucose-6-phosphate; F6P, fructose-6-phosphate; G3P, glycer-
aldeydehyde-3-phosphate; PEP, phosphoenolpyruvate; PYR, pyru-
vate; AcCoA, acetyl-CoA; ICT, isocitrate; KG, a-ketoglutarate; MAL,
malate.
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TABLE 4. Selected flux rates obtained from net-flux analysis

Flux rate (mol gepw ™' h™1)?
Compound®

WwT Ged Glk KguD GnuK

ICT from OAA + AcCoA 631 551 572 6.18 6.01

Pyruvate from malate 257 193 2.65 4.27 331
OAA from pyruvate 492 445 481 6.58 5.81
OAA from malate 254 241 310 0.70 1.64

“ICT, isocitrate; AcCoA, acetyl-CoA.

® Standard deviations were below 5% of the given values. The strains used
were either wild-type (WT) or mutants deficient in Ged, Glk, KguD, or GnuK,
as indicated.

deduced from the higher fraction of OAA originating from pyru-
vate than from malate (Table 4) using the mathematical formula
q(6-phosphogluconate — glyceraldehyde-3-phosphate + pyru-
vate)/q(total carbon uptake), where ¢ is rate. Consequently, P.
putida should exhibit an as-yet-unidentified malic enzyme that
converts malate into pyruvate. These results are in agreement
with a proposal made by Fuhrer et al. (13) for Pseudomonas
fluorescens.

The ged and glk mutants exhibited a lower total carbon
consumption rate than the parental strain: 5.50 = 0.1 mmol
g ' h™! for the ged mutant, with a yield of 0.37 = 0.01 g
biomass/g carbon consumed, and 5.44 = 0.1 mmol g ' h™" for
the glk mutant, with a yield of 0.35 = 0.02 g biomass/g carbon
consumed. The intracellular fluxes were very similar to those
determined in the parental strain (Table 4).

Somewhat surprising results were obtained for yields and
metabolic fluxes with the kguD and gnuK mutants. Both mu-
tants exhibited lower carbon uptake rates (around 5.3 mmol
g ! h™!) than the parental strain; however, yields (around
0.45 g biomass/g carbon used) were similar to those of the
parental strain: in both mutants, the pyruvate shunt was en-
hanced, since the total amount of OAA from pyruvate repre-
sented almost 90% of the total flux. The higher yield in the
kguD and gnuK mutants versus the ged and glk mutants might
be due to redirection of the excess of OAA and NADPH to
biomass biosynthesis.

Global analysis of the genes involved in glucose metabolism.
(i) Gene organization and transcriptional architecture of the
peripheral glucose catabolic genes. We have analyzed the an-
notated sequence of KT2440 to study in greater detail the
physical organization of the genes of the glucose peripheral
and convergent pathways to gain further insights into the me-
tabolism of the sugar. We have also determined the operon
organization of the genes with an RT-PCR approach. The ged
gene corresponded to ORF PP1444, and it was found to be in
a cluster of five genes that are transcribed in the same direction
(Fig. 3B). The long intergenic distance (295 bp) between the
end of ORF PP1446 and the start of the second ORF, encod-
ing a putative porin B (PP1445), suggested that transcription of
the ORF encoding PP1446 occurs independently. The distance
(203 nucleotides) between ged (the third gene) and the fourth
ORF also suggested that the ORF encoding PP1443 is not
transcribed with ged. The cluster is therefore likely to be made
up of three transcriptional units. It should be noted that the
gene in 5" with respect to ged encodes a porin B family protein
that might be involved in the entry of glucose into the periplas-
mic space (34, 43). Distal with respect to ged are the genes
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encoding the subunits of gluconate dehydrogenase (PP3382
and PP3383), involved in the conversion of gluconate into
2-ketogluconate. These two genes form an operon (Fig. 3C).

The other gene encoding an enzyme that initiates glucose
metabolism, glk, was in a cluster with four genes transcribed in
the same direction (Fig. 3A). Immediately upstream from glk
was the edd gene, which encodes 6-phosphogluconate dehy-
dratase (PP1010), one of the key enzymes in the ED pathway
(Fig. 1). Sequence analysis indicated that the glk and edd genes
not only overlapped, but were transcriptionally coupled. Di-
vergent with respect to the edd gene was the gap-1 gene, which
encodes glyceraldehyde 3-phosphate-dehydrogenase
(PP1009). This enzyme is involved in the conversion of glyc-
eraldehyde-3-phosphate down to pyruvate. Downstream from
the glk gene were two genes encoding a two-component regu-
latory system consisting of a sensor histidine kinase (ORF
PP1013) and a DNA-binding protein annotated as GItR
(PP1012).

The gene encoding gluconokinase (gnuK) is adjacent to a
gene involved in the transport of gluconate (PP3417). Diver-
gent with respect to gnuK is a gene encoding a transcriptional
repressor that belongs to the Lacl family (Fig. 3D). We found
that the kguK and kguD genes were located in the same operon
with kguE and a gene encoding a putative transporter for
2-ketogluconate (Fig. 3C).

Another interesting finding was that one of the alleles en-
coding glucose-6-phosphate dehydrogenase (zwf-1) was in a
cluster with the eda gene. Upstream from zwf-1 and transcribed
in the opposite direction was a gene encoding a transcriptional
regulator called HexR (Fig. 3A). It is worth noting that the
edd/glk and zwf-1/eda gene clusters are vicinal and that between
them lies a set of genes that encode a porin-like protein
(PP1019) and an ABC transport system involved in glucose
uptake, based on glucose uptake assays (T. del Castillo, E.
Duque, and J. L. Ramos, unpublished results).

The physical organization of the genes involved in glucose
metabolism suggested that some of them might form operons.
This was tested by isolating total RNA from cells growing with
glucose in the mid-exponential growth phase and by carrying
out RT-PCR analysis. The edd and glk genes are part of an
operon that was transcribed with the gltR2 gene (Fig. 4). The
overlapping gene encoding the sensor kinase PP1013 was also
part of this operon (not shown). The following gene, whose
function is unknown; the set of genes encoding porin OprB-1;
and the ABC transport system made up of PP1015 through
PP1019 are also part of this long operon (not shown). The
zwf-1, pgl, and eda genes form another operon. Therefore, a
relevant feature is the cotranscription of the glk and edd genes
and of the zwf-1 and eda genes, which indicates that the glu-
cose-6-phosphate pathway is induced simultaneously with the
ED enzymes.

Our results also showed that ged (ORF PP1444) and porin
B2 (ORF PP1445) did not form an operon and that the ged
gene was transcribed independently of the other, surrounding
genes (not shown). We found that the set of genes from
PP3376 to PP3384 is organized in two operons, one that in-
cluded the kgu genes (kguE to kguT) and the ptxS repressor
gene plus another that contained the two ORFs encoding the
Gad enzyme (PP3382 and PP3383), which also formed an
operon with a third ORF, which encodes PP3384 (Fig. 3C).
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(ii) Global transcriptomic analysis of KT2440 in response to
glucose. Because the number of straightforward enzymatic as-
says for peripheral glucose catabolic-pathway enzymes is lim-
ited and because the organization of glucose pathway genes is
relatively complex (with clustering of certain genes and scat-
tering over the chromosome of other sets of genes), we decided
to study the global response of strain KT2440 to glucose by
comparing glucose-grown cells versus citrate-grown cells at the
transcriptomic level. As indicated in Materials and Methods,

PP3384

14

FIG. 3. Organization of the peripheral glucose catabolic genes. The gene numbering and organization are derived from the annotation of the
complete genome sequence of P. putida KT2440 in the TIGR database. (A) Set of 16 genes, most of which have been assigned a function based
on enzymatic assays. (C) Set of nine genes, most of which have a specific role in glucose catabolism. (B and D) Physical organizations of the other
genes involved in glucose catabolism in P. putida KT2440.

PP3385

350

o%-dependent
transcriptional regulator
/ response regulator

PP3419

we centered our attention on =2.0-fold changes and P values
of =0.05.

Interestingly, we observed a significant induction of two
outer membrane porins, OprBl1 (PP1019) and OprB2
(PP1445), that have been proposed to be necessary for glucose
to enter the periplasmic space. This finding agrees with previ-
ous reports that in P. aeruginosa and P. putida, oprB mutants
grow deficiently in minimal medium with glucose (53). All
genes involved in the oxidation of glucose to gluconate
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FIG. 4. Transcriptional pattern of the gap-1, glk, and edd region
involved in glucose catabolism. Lane 1, DNA size marker (Roche);
lane 2, RT-PCR using primers based on the adjacent gap-/ and edd
genes; lane 3, positive control for lane 2 with the same oligonucleotides
but with DNA as a template; lane 4, negative control for lane 2 with the
same oligonucleotides but without retrotranscriptase; lane 5, RT-PCR
using primers complementary to RNA of the edd/glk genes; lane 6,
positive control with the same primers as in lane 5 but with DNA as a
template; lane 7, negative controls for the assay in lane 5 with the same
primers but without retrotranscriptase; lane 8, RT-PCR using primers
based on glk and gltR2; lane 9, positive control with the same oligo-
nucleotides but with DNA as a template; lane 10, negative control for
the assay in lane 8 but without retrotranscriptase.
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(PP3382, PP3383, PP3376, and PP3378) were induced to sig-
nificant levels (Table 5). Gluconokinase involved in the phos-
phorylation of gluconate (PP3416) was induced almost four-
fold. The reactions from glucose to gluconate and from
gluconate to 2-ketogluconate are known to take place in the
periplasm, and entry into the cytoplasm of the oxidation prod-
ucts requires a gluconate-specific transport system (PP3417),
as well as a 2-ketogluconate transporter (PP3377). These two
transporters were also induced slightly more than twofold (Ta-
ble 5). In addition, since pseudomonads use the glk pathway,
glucose itself has to be transported to the cytoplasm. In con-
nection with this, we found that the operon containing ORFs
PP1015, PP1016, PP1017, PP1018, and PP1019, which encode
a putative ABC glucose uptake system, was also induced at a
high level. Therefore, the corresponding gene products most
likely constitute a glucose transport system. We found that
expression of the glk (PP1011) gene increased around 2.0-fold
concomitantly with the induction of zwf-1, which encodes the

TABLE 5. Genes up-regulated in wild-type P. putida KT2440 cells growing on glucose versus cells growing on citrate

OREF no. Gene Function or family l?’?l;(cjldo)n
Pathway genes encoding porins,
transporters, and enzymes
PP1444 ged Glucose dehydrogenase 2.18
PP1445 oprB-2 Porin B 1.96
PP1009 gap-1 Glyceraldehyde-3-P-dehydrogenase 7.08
PP1010 edd 3.46
PP1011 glk Glucokinase 2.12
PP1022 zwf-1 Glucose-6-P-dehydrogenase 2.25
PP1024 eda 8.35
PP3376 kguD Ketogluconate-6-P-reductase 3.23
PP3377 kguT 2-Ketogluconate transporter 2.18
PP3378 kguK 2-Ketogluconate kinase 2.31
PP3379 kguE 2-Ketogluconate epimerase 5.80
PP3382 gadC Gluconate dehydrogenase citC sub 2.70
PP3383 gad Gluconate dehydrogenase 2.00
PP3384 Hypothetical protein 3.90
PP3416 gnukK Gluconokinase 3.99
PP3417 gntP Gluconate transporter 2.10
PP3418 Hypothetical protein 2.08
PP1015 gtsA ABC transport system 2.06
PP1016 gtsB ABC transport system 2.47
PP1017 gtsC ABC transport system 4.00
PP1018 gtsD ABC transport system 4.14
PP1019 oprB-1 Porin B 4.23
Regulatory genes
PP1012 gltR GItR family 2.50¢
PP1013 gltsS Sensor histidine kinase 2.01¢
PP3380 ptxS PtxS family 2.93¢
PP3415 lacl Lacl family 2.45¢
Other functions
PP1014 Unknown 4.00¢
PP2968 Putative membrane protein 2.35¢
PP3384 Hypothetical protein 3.90¢
PP3418 Hypothetical protein 2.11¢
PP3555 Methyl-accepting chemotaxis receptor 2.05¢
PP4073 Hypothetical protein 2.40°
PP4488 Hypothetical protein 2.60°
PP5346 oadA Oxaloacetate decarboxylase 2.14¢
PP5347 accC Acetyl-CoA carboxylase 317

¢ Change (n-fold).
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most active glucose-6-P-dehydrogenase (PP1022). This enzyme
converts glucose-6-phosphate into 6-phosphogluconate.

The key ED genes edd (PP1010) and eda (PP1024), as well
as the gene encoding glyceraldehyde-3-P-dehydrogenase
(PP1009), were induced in the response to glucose. In partic-
ular, eda mRNA levels were up to eightfold higher.

Of the five regulators in the vicinity of the catabolic enzymes,
hexR, the lacl family, ptxS, gltR-2, and ORF PP1013 encoding
a sensor kinase, we found that three, namely, GItR (PP1012),
PtxS (PP3380), and a Lacl-like regulator (PP3415), also in-
creased their expression in response to glucose (Table 5). This
suggests that these regulators control their own expression,
which is well documented for repressors belonging to different
families (31).

In addition to the genes that are directly involved in glucose
catabolism, a limited number of genes that in principle have no
obvious connection with glucose metabolism were also in-
duced. No annotation is available for six of these genes; for the
other three, the annotation suggests that the corresponding
gene products encode an OAA decarboxylase (PP5346; oadA),
an acetyl-coenzyme A (CoA) carboxylase, and a methyl-ac-
cepting chemotaxis receptor (PP3555). Induction of oadA co-
incides with the functioning of the pyruvate shunt reported
above. This suggests that OAA in the wild-type strain growing
on glucose may be produced in excess in the TCA cycle and
scavenged via OAA decarboxylase.

To test the potential roles of the other gene products in
glucose metabolism, we rescued mutants from the Pseudomo-
nas Reference Culture Collection and tested growth on M9
minimal medium with glucose. All mutants, except for PP5347,
exhibited growth characteristics similar to those of the wild-
type strain in terms of growth kinetics, growth rates, and yields
(not shown). The exception was mutant PP5347, which grew at
a relatively low rate (growth rate [u] = 0.22 = 0.02 h™1),
exhibited low yields (0.21 = 0.01 g/g glucose), and accumulated
large amounts of gluconate and 2-ketogluconate.

The set of downregulated genes is provided as supplemental
material (see Table S1 in the supplemental material). Among
the downregulated genes was, as expected, a set of genes in-
volved in citrate metabolism, including two citrate uptake sys-
tems (PP0147 and PP0171), the TCA transport TctC protein
(PP1418), the outer membrane copper receptor PP4838, and a
series of transporters, porins, and metabolic enzymes probably
involved in citrate, but not glucose, metabolism (see Table S1
in the supplemental material).

DISCUSSION

Multiple peripheral and convergent pathways in the initial
steps of glucose metabolism in P. putida. The projection of the
bioinformatic information derived from analysis of the P.
putida KT2440 genome was not consistent with previous stud-
ies of glucose metabolism in other P. putida strains. To solve
this apparent paradox, we adopted several complementary ap-
proaches. On the one hand, we took advantage of the already-
available collection of mutants of P. putida KT2440 to investi-
gate the potential use of more than one peripheral pathway in
the initial step of glucose metabolism. Our results suggest that
P. putida simultaneously uses all of the peripheral pathways to
drive 6-phosphogluconate synthesis, since the inactivation of

J. BACTERIOL.

any of them had marked effects on the growth rates (Table 2).
Based on the maximum growth rates (w,.,) of the wild type
and strains with mutations in key enzymes of the three initial
glucose pathways, our results show that glucose 6-kinase and
the 2-ketogluconate loop are quantitatively more important
pathways than the direct phosphorylation of gluconate by glu-
conokinase (GnuK) (Table 2). Indeed, the mutant deficient in
GnuK activity grew at a higher rate than mutants in any of the
other pathways. The presence of convergent pathways guaran-
tees the utilization by this microorganism of a carbon source
that is abundant in its natural niche.

Glucose catabolism enzymes in all peripheral pathways are
inducible. Enzymatic determinations and microarray analyses
showed that enzymes involved in glucose metabolism via glu-
conate and glucose-6-phosphate were inducible. Although glu-
cose is probably the true inducer of ged, gluconate seems to be
the inducer of gluconokinase activity, since, in a gcd mutant
growing on glucose, the level of this enzyme was 1/10 of that in
the wild type (Table 3). Glucokinase and gluconokinase activ-
ities were expressed at a low basal level in cells grown with
citrate, and these activities increased about 10-fold when the
cells were grown on glucose. This is in agreement with the
increase in glk, ged, and gnuK expression observed in microar-
rays. Therefore, the transcriptional and enzymatic assays indi-
cated that the glucokinase pathway and the enzymes for the
direct phosphorylation of gluconate and the 2-ketogluconate
loop enzymes are all inducible.

Further insights helping to understand the pattern of gene
expression of these convergent pathways were obtained from
the bioinformatic analysis of the physical localization of the
genes, which showed that glucose catabolism genes in P. putida
are organized in a series of clusters, that the glk gene forms an
operon with the edd gene, and that the zwf-1 gene forms an
operon with the eda gene. Because the edd and eda gene
products are the sine qua non for 6-phosphogluconate metab-
olism, the physical and genetic organization of the edd/glk and
eda/zwf-1 genes explains why this pathway is operational in P.
putida KT2440 (46).

On the other hand, it is notable that the physical and tran-
scriptional organization of genes for the metabolism of gluco-
nate indicated that the catabolic enzymes, along with the set of
specific porins and transporters, form single transcriptional
units (Fig. 3). This structure points toward coevolution of the
uptake system and the catabolic enzyme, which seems to guar-
antee the efficient entry and metabolism of the corresponding
metabolites.

Our results also indicate that OprB1 could be a specific
porin for the entry of glucose into the periplasmic space and to
transport it to the cytoplasm via an ABC transport system
made up of PP1015, PP1016, PP1017, and PP1108 (Fig. 3).
This set of genes forms an operon independent of that in which
the glucokinase gene (glk) is present. Therefore, although the
genes for the uptake of glucose and its metabolism to 6-phos-
phogluconate are clustered, up to three different operons can
be distinguished.

Global metabolic changes. '*C-based flux analysis was used
to identify network operation and responses as a consequence
of different entry pathways for glucose. These analyses re-
vealed some novel insights into the global metabolic networks
that operate in P. putida during glucose metabolism. Our find-
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ings showed that in the wild-type KT2440 strain, a major frac-
tion of the TCA flux occurred through the pyruvate shunt
instead of the malate dehydrogenase, which is similar to other
Pseudomonas species but contrasts with net TCA fluxes in E.
coli and Bacillus subtilis (13). This set of results indicates that
in P. putida, excess C is removed via this shunt.

Fluxome analysis revealed that the operation of the TCA
cycle was similar in the glk- or gcd-deficient mutants and in the
parental strain, although the total amount of carbon taken up
by the mutant strains was lower than that consumed by the
parental strain, which probably results in a lower p,,,, for the
mutant strains. In these mutants, the pyruvate shunt operated
at a level similar to that in the wild-type strain (Table 4).
Net-flux analysis also confirmed the results of previous studies
that showed that the pentose phosphate pathway does not
contribute to glucose catabolism in Pseudomonas.

How are the glucose catabolic genes organized in other
Pseudomonas species? Our unexpected results regarding glu-
cose metabolism and the bioinformatics projection in P.
putida led us to examine the gene organization for glucose
catabolism in other Pseudomonas species for which the com-
plete genome is available. We found that all key enzymes for
the synthesis of 6-phosphogluconate from glucose via glu-
cose-6-phosphate or via gluconate are present in P. fluore-
scens Pf-5, Pseudomonas syringae DC3000, and P. aeruginosa
PAOI1. BLAST analysis revealed a high degree of sequence
conservation for all gene products, ranging from 70% to
95% similarity. The organization shown for porin B and the
ged gene in Fig. 3B is conserved in P. aeruginosa and P.
fluorescens, but not in P. syringae.

The organization of the edd/glk operon and the divergent
gap-1 gene of P. putida (Fig. 3A) is also conserved in the other
three Pseudomonas species. We propose that glucose-6-phos-
phate represents a compulsory pathway for glucose metabo-
lism, regardless of the functioning of the gluconate pathways,
in all of these strains. The organization of gnuK and the cor-
responding gluconate transporter of P. putida are also main-
tained in all three species. The kgu cluster is very similarly
organized in P. aeruginosa and P. fluorescens, whereas in P.
syringae, the genes are not present. Finally, the gad genes
(PP3383 and PP3384) involved in the oxidation of gluconate to
2-ketogluconate have highly homologous genes in the genomes
of P. fluorescens and P. aeruginosa, with very similar patterns of
gene organization. In contrast, the gene homologs are not
present in P. syringae. The bioinformatics analysis suggests that
different species of the genus Pseudomonas use the ED path-
way for glucose metabolism and that, in principle, all can
synthesize the key intermediate 6-phosphogluconate through a
series of converging peripheral pathways.

In summary, our study revealed that initial glucose—a
source of carbon in the plant rhizosphere (3)—catabolism in
the genus Pseudomonas occurs through a series of pathways
that converge at the level of 6-phosphogluconate and that
function simultaneously. This guarantees the efficient assimi-
lation of a carbon source that is abundant in niches occupied by
pseudomonads. Moreover, we have shown that, with glucose as
a carbon source, malate produced in the TCA cycle is chan-
neled mainly to OAA via the pyruvate shunt.
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Supplementary Table 1. Down-regulated genes.

A) Pathway genes encoding porins, transporters, regulators and enzymes

ORF Gen Function Fold change
PPO145 -- Na+/P1i cotransporter family protein -1.86
PPO146 -- Hypothetical protein -2.22
PP0147 -- Citrate transporter -4.12
PPO171 -- ABC transporter ATP-binding protein -2.06
PP0213 davD Succinate-semialdehyde -1.82

dehydrogenase
PP0214 davT Aminobutyrate aminovalerate -2.07
PP1157 -- Acetolactate synthase -3.49
PP1186 phoP Transcriptional regulatory protein -2.79
PhoP
PP1209 -- Cold-shock domain family protein -2.4
PP1418 -- Tricarboxylic acid transport protein -2.17
TctC putative
PP1419 -- Porin putative -3.25
PP1696 -- Membrane protein putative -1.89
PP3252 -- Modification methylase HemK family -2.05
PP3365 -- Acetolactate synthase -3.01
PP3390 -- Porin putative -2.39
PP3437 -- CBS domain protein -1.92
PP4527 -- Membrane protein putative -2.17
PP4683 mrcB Penicillin-binding protein -2.05
PP4838 oprC Outer membrane copper receptor -1.84
OprC
PP4920 -- Lipoprotein putative -1.9
PP4993 gshB glutathione synthetase -1.86
PP5245 -- Transcriptional regulator AraC family -3.15
Other functions
PP0203 -- Tabtoxinine-beta-lactam -1.85
dipeptidase, putative
PP0672 -- Hypothetical protein -1.81
PP0801 -- Hypothetical protein -2.16
PP1051 xcpV Type II secretion pathway -2.18
protein XcpV
PP1233 -- Conserved hypothetical -2.06
protein
PP1415 -- Conserved hypothetical -1.94
protein
PP3480 -- Hypothetical protein -1.98
PP3631 -- Conserved hypothetical -1.82
protein
PP3672 -- Conserved hypothetical -2.85
protein
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I11. CAPITULO 2. RESUMEN.

A set of activators and repressors control peripheral glucose pathways in
Pseudomonas putida to yield a common central intermediate

Teresa del Castillo, Estrella Duque and Juan Luis Ramos

Pseudomonas putida KT2440 canaliza la glucosa a partir de tres rutas que
convergen en el intermediario 6-fosfogluconato y a través de la ruta central de Entner-
Doudoroff. Los genes de estas rutas que convergen estan agrupados en tres regiones
independientes del cromosoma. Dentro de cada una de estas agrupaciones coexisten
un nimero de unidades monocistrénicas y operones favoreciendo la co-expresion de
enzimas catabdlicas y sistemas de transporte. La expresion de las tres rutas es
mediada por tres represores transcripcionales, HexR, GnuR y PtxS y por un regulador
transcripcional positivo, GItR2. En este estudio, hemos generado mutantes en cada
uno de los reguladores y llevado ensayos transcripcionales utilizando microarrays y
fusiones transcripcionales. Estos estudios revelaron que HexR controla los genes de la
glucoquinasa/glucosa-6-fosfato deshidrogenasa que rinden 6-fosfogluconato, las
enzimas de Entner-Doudoroff que rinden gliceraldehido-3-fosfato y piruvato, y gap-1
que codifica la gliceraldehido-3-fosfato deshidrogenasa. GItR2 es el regulador
transcripcional que controla una porina especifica para la entrada de glucosa al
interior del espacio periplasmico, asi como el operéon gtSABCD para el transporte de
glucosa a través de la membrana interna. GnuR es el represor del transporte del
gluconato y de la gluconoquinasa responsable de la conversion del gluconato a 6-
fosfogluconato. PtxS, no obstante, controla las enzimas de la oxidacion de gluconato a
2-cetogluconato, su transporte y metabolismo, y un conjunto de genes no relacionados
con el metabolismo de la glucosa.

J. Bacteriol. (2007), submitted
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A set of Activators and Repressors control Peripheral Glucose
Pathways in Pseudomonas putida to yield a Common Central

Intermediate

Teresa del Castillo*, Estrella Duque® and Juan L. Ramos*?
'Department of Environmental Protection, Estacion Experimental del Zaidin, Consejo Superior de
Investigaciones Cientificas, E-18008 Granada, Spain and *Unidad Asociada de Contaminacion
Atmosférica, CSIC-Universidad de Huelva, Huelva, Spain

Pseudomonas putida KT2440 channels glucose to the central Entner-Doudoroff intermediate 6-
phosphogluconate through three convergent pathways. The genes for these convergent pathways are
clustered in three independent regions on the host chromosome. A number of monocistronic units and
operons coexist within each of these clusters, favouring co-expression of catabolic enzymes and
transport systems. Expression of the three pathways is mediated by three transcriptional repressors,
HexR, GnuR and PtxS, and by a positive transcriptional regulator, GItR2. In this study we generated
mutants in each of the regulators and carried out transcriptional assays using microarrays and
transcriptional fusions. These studies revealed that HexR controls the glucokinase/glucose-6-
phosphate dehydrogenase genes that yield 6-phosphogluconate, the genes for Entner Doudoroff
enzymes that vyield glyceraldehyde-3-phosphate and pyruvate, and gap-1, which encodes
glyceraldehyde-3-phosphate dehydrogenase. GItR2 is the transcriptional regulator that controls
specific porins for the entry of glucose into the periplasmic space, as well as the gtsABCD operon for
glucose transport through the inner membrane. GnuR is the repressor of gluconate transport and
gluconokinase responsible for the conversion of gluconate into 6-phosphogluconate. PtxS, however,
controls the enzymes for oxidation of gluconate to 2-ketogluconate, its transport and metabolism, and

a set of genes unrelated to glucose metabolism.

Pseudomonas putida mt-2 was isolated from soils
in Japan and identified as able to grow on meta-
toluate as the sole C-source. Sequencing of its
genome revealed that it possesses many genes
encoding proteins involved in the degradation of
plant-derived chemicals including a variety of
methoxylated aromatic acids, hydroxylated
aromatic acids and other compounds (6, 12, 23).
The strain was also found to possess information
for the degradation of fructose (39) and glucose (4,
39), two of the most abundant sugars present in
plant root exudates (14).

del Castillo et al. (4) showed that glucose
catabolism in this strain occurred through the
simultaneous operation of three peripheral
pathways that converge at the level of 6-
phosphogluconate (6PG) (Figure 1). This
compound is further metabolized by the Entner-
Doudoroff pathway to yield glyceraldehyde-3-
phosphate and pyruvate. Glucose enters the
periplasmic space via the OprB outer membrane

Corresponding author. Mailing address:EEZ-CSIC, C/Prof. Albareda,
1, E-18008 Granada, Spain. Phone:34 958181600. fax: 34 958
135740. E-mail: jlramos@eez.csic.es.

porin(s) (16, 33, 37). Once in the periplasm,
glucose can be either transported to the cytoplasm
via an ABC glucose transport system (2, 11) or
oxidized to gluconate. In the cytoplasm glucose is
phosphorylated via a glucokinase, and the resulting
glucose-6-phosphate is converted to 6PG by the
concerted action of the glucose-6-phosphate
dehydrogenase and  6-phosphoglucolactonase.
Gluconate in the periplasm can be either
transported into the cytoplasm via the GntP protein
and subsequently phosphorylated to 6PG, or
oxidized to 2-ketogluconate, which is transported
to the cytoplasm and, upon phosphorylation, is
reduced to 6PG by the concerted action of the
kguK/kguD gene products (Figure 1).

Genome analysis of the set of genes involved in
glucose metabolism revealed that they were
organized in sets of clusters scattered along the
chromosome (4 and Figure 2). Transcriptional
analysis revealed a complex organization in
operons and monocistronic units within each of
these clusters (Figure 2). One of the most relevant
features this study disclosed was that the oprB1
gene, encoding the OprBI1 porin involved in the
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Figure 1. Glucose catabolism in P. putida as deduced from gene annotations. At the top are the events that occur in the
outer membrane and the reactions that take place in the periplasmic space. Also shown are the transport of glucose,
gluconate, and 2-ketogluconate into the cell. The set of catabolic reactions that take place in the cytoplasm is depicted.
The genes that encode the enzymes involved are indicated for all steps. OM, outer membrane; PG, periplasmic space;

IM, inner membrane.

entry of glucose into the periplasmic space, was in
an operon made up of open reading frames (ORFs)
PP1015 to PP1019, which encodes the glucose
transport system ( Figure 2A). Another relevant
finding from this study was that the zwf-1 allele
encoding glucose-6-phosphate dehydrogenase (18)
was in an operon within the eda gene that encodes
one of the Entner-Doudoroff enzymes, whereas the
gene encoding glucokinase (glk) formed an operon
with the edd gene. Transcribed in the opposite
direction to the zwf-1 promoter was the hexR gene,
encoding a putative repressor (Figure 2A).

The gene that encodes the gluconate transporter
gene (gntP) and the gene encoding the
gluconokinase (gnuK) were contiguous on the
chromosome, but did not form an operon (4;
Figure 2). Transcribed divergently with respect to
the gnuK gene was the gnuR gene, which encodes
a repressor assigned to the Lacl family (Figure
2C). The gluconate dehydrogenase genes (PP3384
and PP3382) and the genes encoding the 2-
ketogluconate transporter and its subsequent
metabolism are within a cluster in the chromosome
that covers from PP3376 to PP3384. A regulator of
the PtxS family of repressors is found within this
cluster of genes, which encode enzymes for
gluconate oxidation to 2-ketogluconate (2KG) and
its subsequent metabolism (Figure 2B).

48

Global transcriptomic analysis revealed that all of
the catabolic genes and regulators mentioned
above were up-regulated in response to glucose,
except for the hexR gene (4). It was also shown
that when KT2440 bearing the TOL plasmid was
grown simultaneously in the presence of glucose
and toluene, the glk branch and the glucose
transport system were under catabolite repression
control, which was not the case for the set of genes
involved in gluconate metabolism. This pointed
towards independent evolutionary acquisition of
genes for glucose metabolism and differential gene
regulation.

The present study was undertaken to further define
the regulatory circuits that allow P. putida KT2440
to use glucose as the sole C-source. To this end
mutants in each of the four potential regulators
within the cluster of genes for glucose catabolism
were generated. Growth characteristics, global
transcriptomic analysis and transcriptional fusions
revealed that the GItR2 protein is a transcriptional
activator involved in the induction of the glucose
transport system. HexR and GnuR are local
repressors; the latter controls the expression of
gluconate transport and its phosphorylation system,
whereas the former controls the three operons
involved in glucose metabolism via glucokinase.
The regulator PtxS acted as the local repressor of



the 2-KG genes, although surprisingly, in a ptxS-
deficient mutant, 10 genes with no relation to
glucose metabolism were up- or down-regulated,

indicating that this regulator exerts a more global
type of control.
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Figure 2. Organization of the peripheral glucose catabolic genes. Gene numbering and organization are derived from
the annotation of the complete genome sequence of P. putida KT2440 in the TIGR database. (A) Set of 16 genes, most
of which have been assigned a function based on enzymatic assays. (B) Set of 8 genes, most of which have a specific
role in gluconate catabolism through 2KG. (C) Set of 4 genes involved in gluconate catabolism in P. putida KT2440.
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MATERIALS AND METHODS

Bacterial strains, plasmids, and culture conditions.
Pseudomonas putida KT2440 and a series of isogenic
mutant strains with insertions in the gltR2, hexR, ptxS
and gnuR genes are shown in Table 1. The GItR2 and
HexR mutant strains were identified by Duque et al. (6)
in a general screening after random mutagenesis of P.
putida with mini-Tn5-Km. The ptxS and gnuR mutants
were generated in this study, and are described below.
Pseudomonas putida strains were grown at 30 °C in M9
minimal medium with glucose (0.3% [wt/vol]) or
sodium citrate (16 mM) as a carbon source. When
appropriate, antibiotics were added at the following
concentration: kanamycin (Km), 25 pg/ml and
tetracycline (Tc), 10 pg/ml.

DNA techniques. Preparation of plasmid and
chromosomal DNA, digestion with restriction enzymes,
ligation, electrophoresis, and Southern blotting were as
described before (28, 30).

Site-specific homologous inactivation of gnuR and
ptxS . To construct mutant strains bearing an inactivated
chromosomal version of the gnuR and ptxS genes, we
generated the corresponding knock-out using the
appropriate derivatives of pCHESIQKm (17). Plasmid
pCHESIQKm is based on pUCI18 and bears the origin

of transfer oriT of RP4 and the Q-Km interposon of
plasmid pHP45QKm cloned as a HindIlIl fragment. To
generate the desired mutation an internal fragment
between 400-500 bp of the target gene was amplified by
PCR with primers containing the ECORI and BamHI
sites to amplify an internal part of the gnuR gene, and
with primers containing the ECORI and Xbal sites to
amplify the ptxS gene. The amplified fragments were
subsequently cloned between the ECORI and BamHI
sites of pCHESIQ Km (Table 1) in the case of gnuR,
and EcoRI and Xbal in the case of the ptxS gene (Table
1). In both cases the fragments were cloned in the same
transcriptional direction as the P, promoter. The
recombinant plasmids were introduced into P. putida
KT2440 by electroporation, and transformants bearing a
cointegrate of the plasmid in the host chromosome were
selected on M9 minimal medium with citrate as a
carbon source and Km. The correct insertion of the
mutant allele was confirmed by colony-screening PCR
using a primer based on the Km marker gene and
another primer that was annealed to the sequence
complementary to the cloned gene fragment. The
correctness of the construction was confirmed by
Southern blotting using the target gene as a probe (not
shown).

TABLEL. Strains and plasmids used in this study

Strain Genotype or relevant characteristics Reference

P. putida KT2440 Wild type, prototroph, Cm®, Rif* This laboratory
P. putida M2052° gltR-2:mini-Tn5-Km, Km"®, Rif® 6

P. putida M1881° hexR:mini-Tn5-Km, Km"®, Rif* 6

P. putida PSC303° ptxS::pCHESIQ-Km, Rif* This study

P. putida PSC304° gnuR::pCHESIQ-Km, Rif* This study

Plasmids

pMP220 Tc®, “lacZ promoter probe plasmid 9

pCHESIQKm Km® 17

pTC1 pCHESIQ-Km bearing 'ptxS’ This study

pTC2 pCHESIQ-Km bearing 'gnuR’ This study

pBedd Tc®, pM220 bearing the promoter region of ~ This study
the edd gene

pPP1015 Tc®, pM220 bearing the region upstream of ~ This study
ORF PP1015.

pBhex Tc®, pM220 bearing the promoter region of ~ This study
the hexR gene

pBzwf Tc®, pM220 bearing the promoter region of ~ This study
the zwf gene

BgnuK Tc®, pM220 bearing the promoter region of ~ This study

pbg p g

the gnuK gene
PP3384 Tc®, pM220 bearing the promoter region of ~ This study
p p g

ORF PP3384

*Cm®, Km® and Rif" stand for resistance to chloramphenicol, kanamycin, and rifampin, respectively.
°Collection of KT2440 mutants available at the Consejo Superior de Investigaciones Cientificas, Granada, Spain.

‘Pseudomonas Stock Center.
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Construction of ‘lacZ transcriptional fusions and
determination of B-galactosidase assays.
Transcriptional fusions were constructed by cloning the
putative promoters in 5" with respect to ‘lacZ in
pMP220 (9). To this end the sequence upstream of the
edd, PP1015, zwf-1 and hexR genes was amplified by
PCR with primers containing the ECORI-PstI sites at 5°
and 3" of the amplified fragment. These fragments
were cloned into the ECORI-Pstl sites of pMP220. All
fusion constructs (pBedd, pPP1015, pBhex and pBzwf)
were confirmed by DNA sequencing (Table 1).
Transcriptional fusion constructs were assayed in P.
putida KT2440 and its isogenic mutant background.
The pBedd, pPP1015, pBzwf and pBhex plasmids were
introduced into Pseudomonas putida KT2440 or its
isogenic mutants by electroporation. Transformants
were grown overnight on minimal medium with citrate
as the sole carbon source in the presence of Tc, and
then the cultures were diluted to reach a turbidity
(ODggo) of 0.05 in the same medium. After 1 h, the
cultures were supplemented or not with 5 mM glucose,
gluconate, 2KG or fructose and incubation continued at
30 °C with shaking for 6 h. B-Galactosidase activity
was assayed in permeabilized whole cells according to
Miller’s method (1972). Three independent assays
were run in triplicate.

Pseudomonas putida microarrays. The genome-

wide DNA chip used in this work (printed by
Progenika Biopharma) was described in detail
previously (7, 44). It consists of an array of 5539
oligonucleotides (50-mer) spotted in duplicate onto y—
aminosilane-treated slides, and covalently linked with
UV light and heat. The oligonucleotides represent 5350
of the 5421 predicted ORFs annotated in the P. putida
KT2440 genome (23). The chips are also endowed
with homogeneity controls consisting of
oligonucleotides for the rpoD and rpoN genes spotted
at 20 different positions, as well as duplicate negative
controls at 203 predefined positions.
RNA isolation, preparation of labelled cDNA,
microarray hybridization and data analysis.
Pseudomonas putida KT2440 and mutant cells were
grown in minimal medium with citrate as a carbon
source to an ODggo of about 0.5. Cells from 12-ml
culture samples were harvested by centrifugation (7000
x @) at 4 °C in tubes pre-cooled in liquid nitrogen.
Total RNA was isolated with TRI Reagent (Ambion,
ref. 9738), as recommended by the manufacturer, and
then subjected to DNase treatment followed by
purification with RNeasy columns (Qiagen, cat. no.
74104). RNA  concentration was determined
spectrophotometrically and its integrity was assessed
by agarose gel electrophoresis.

To prepare fluorescently labelled cDNA we primed 25
pg of RNA with 7.5 ug of pd(N)s random hexamers
(Amersham, Cat. No. 27-2166-01). Probes were
synthesized at 42 °C for 2 h exactly as described before

(7). Labelling efficiency was checked with a NanoDrop
ND1000 spectrophotometer (NanoDrop Technologies).
Prior to the hybridization process, the microarray slides
were blocked by immersion in 5x SSC (1x SSC is 0.15
M NaCl; 15 mM sodium citrate, pH 7), 0.1% (wt/vol)
SDS, and 1% (wt/vol) bovine serum albumin for 1 h at
42 °C. Then the slides were washed by two successive
immersions in MilliQ water at room temperature,
followed by a final wash with isopropanol. The slides
were spin-dried by centrifugation at 1500 x g for 5 min
and used within the next hour. Equal amounts of Cy3-
and Cy5-labelled cDNA, one of them corresponding to
the control and the other one to the problem under
study, were mixed, dried in a Speed-Vac and
reconstituted in 35 ul hybridization buffer (5 x SSC,
25% [vol/vol] formamide, 0.5% [wt/vol] SDS, 5
x Denhardt’s solution, 5% [wt/vol] dextran sulfate)
preheated to 42 °C. The labelled probe was denatured
at 98 °C for 3 min, applied to the microarray slide and
covered with a glass coverslip. The slide was then
placed in a humidified hybridization chamber (AHC
Arraylt Hybridization Cassette; Telechem
International, Inc.) and incubated for 18 to 20 h in a
water bath away from light at 42 °C. Following
hybridization, the microarrays were washed by gentle
agitation in 2x SSC, 0.1% [wt/vol] SDS at 42 °C for 5
min, followed by a 5-min wash at RT in 1x SSC, two
5-min washes in 0.2x SSC, and a final 5-min wash in
0.1x SSC. Finally, the slides were spin-dried in a
centrifuge at 1500 x g for 5 min and scanned on a
GenePix 4100A scanner (Axon Instruments, Inc.).
Images were acquired at 10-pm resolution, and the
background-subtracted median spot intensities were
determined with GenePix Pro 5.1 image analysis
software (Axon Instruments, Inc.). Signal intensities
were normalized by applying the LOWESS intensity-
dependent normalization method (42), and statistically
analysed with Almazen System software (Alma
Bioinformatics S.L.). For appropriate statistical
analysis of the results, RNA preparations from at least
four independent cultures were tested for each strain
(1). P values were calculated with Student’s t test. A
particular ORF was considered differentially expressed
if (i) the fold change was at least 1.8 and (ii) the P
value was 0.05 or lower.

Primer extension analysis. For primer extension
analyses we isolated RNA as above, and the process
was carried out as described by Marqués et al. (19).
The amount of total RNA template used in each
reaction varied between 90 and 100 pg. About 10° cpm
of **P-labelled 5'-end oligonucleotides was used as a
primer in extension reactions (See Supplementary
Table 1). To improve electrophoresis quality, the
cDNA products obtained after reverse transcriptase
were treated with DNAse-free RNAse (Roche, Ref.
number 1119915). The cDNA products were separated
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and analysed in urea-polyacrylamide sequencing gels
which were exposed to a phosphorscreen (Fuji Photo
Film Co; LTD) for 5 to 12 h. Phosphorscreens were
scanned with a phosphorimaging instrument
(Molecular imager FX, Bio-Rad). Data were quantified
with Quantity One software (Bio-Rad)

RESULTS

Construction of mutants in genes putatively
involved in the regulation of glucose
metabolism and their  characterization.
Pseudomonas putida KT2440 and the four
isogenic knock-out mutants in gltR2, hexR, ptxS
and gnuR were grown overnight on M9 minimal
medium with glucose as the sole C-source. Then
they were washed and suspended in the same

medium to reach an initial cell density of 0.05
units at 660 nm, and growth was monitored. We
found that after an initial 2-h lag phase the wild-
type strain grew exponentially with a tmax of 0.59
+ 0.02 h™' and consumed glucose at a rate of 7.60
+ 0.19 mmol glucose/g cell biomass x h'. The
mutants deficient in gnuR, hexR and ptxS grew
promptly, with growth rates (0.57 = 0.01 h' to
0.60 = 0.02 h™") and glucose consumption rates
(6.84 = 0.8 to 9.7 = 0.5 mmol glucose/g cell
biomass x h™) similar to those of the parental
strain. In the gltR2 mutant the lag phase was much
longer (about 5 h), but once the culture began to
grow the growth and glucose consumption rates
were almost identical to those of the parental
strain.

TABLE 2. Genes differentially up-regulated in the GnuR mutant background with respect to the genes expressed in the
parental strain.

ORF number Gene Function Fold induction
PP1023 pal 6-phosphogluconolactonase 1.86
PP1516 -- RND efflux pump 1.91
PP2333 -- GntR family of regulators 1.82
PP2741 -- Hypothetical protein 1.96
PP3415 gnuR Transcriptional repressor 2.85
PP3416 gnuK  Gluconate kinase 2.60
PP3417 gntP Gluconate transporter 1.82
PP3418 -- Hypothetical protein 1.80
PP3642 -- Hypothetical protein 1.93

These results suggested that in general, no major
effect on growth rate and glucose uptake rate was
associated with deficiency in any of the potential
regulatory genes for glucose catabolism.
However, the above results provided no indication
of the specific effects of the mutations on the
different catabolic segments involved in glucose
degradation. To gain insights into local and global
effects, the parental strain and each of the mutant
strains were grown on M9 minimal medium with
citrate, and total mRNA was prepared and
labelled as indicated in Materials and Methods.
The expression level was then compared between
the mutant strain and the parental one (Tables 2 to
5).

The divergent organization of gnuR and the gnuK
gntP genes (Figure 2) suggested that GnuR might
regulate these genes. Indeed we found that in the
gnuR mutant background the gnuK gene was
expressed at a level 2.6-fold higher than in the
parental strain, as was also the case for gnuR,
indicating that GnuR controls its own expression.
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RT-PCR confirmed that the ORFs encoding
PP3417 and PP3418 formed an operon. In
agreement with this observation was the fact that
expression of both genes increased, and that of the
ORF encoding the PP3418 hypothetical protein
was 1.8-fold times higher in the mutant strain than
in the parental one. We found that expression of
the pgl gene was induced about 1.9-fold, whereas
expression of the zwf-1 gene upstream of pgl was
not induced. This was somewhat surprising since
our previous RT-PCR assays showed that they
were part of the hex regulon (see below). The
results also revealed that the level of four other
genes varied =1.8-fold. This was found for a set of
genes that were not related to gluconate
metabolism, among which were PP2333, which
encoded a regulator; PP1516, which encoded an
RND membrane protein; and the hypothetical
proteins PP2741 and PP3642 (Table 2). RT-PCR
assays revealed that all of these genes were
monocistronic and did not form operons with
adjacent genes (not shown).



In the hexR mutant background some of the genes
in the PP1009 to PP1024 segment of the
chromosome changed their expression, whereas
another set did not do so (Table 3). In the hexR
mutant background expression of PP1009, which
encodes gap-1, and the operon PP1010 to PP1012
increased between 4.89- and 1.94-fold. PP1022
through to PP1024 also increased its expression
between 2.04- and 6.07-fold. Only one gene
outside the cluster also exhibited significant
increase in expression: the ORF encoding the
PP4488 hypothetical protein. Surprisingly, the
expression level of PP1015 to PP1018, which

encodes the glucose ABC transport systems, did
not change. This result suggested that its
regulation is not under the control of HexR. The
level of the hexR gene did not change either,
which suggests that the protein does not regulate
its own expression. Therefore, HexR seems to
control the expression of the glucokinase and
Entner-Doudoroff pathway enzymes, together
with glyceraldehyde-3-phosphate dehydrogenase,
the enzyme that acts on the final product of
glucose metabolism and helps to channel glucose
to Krebs cycle intermediates (Figure 1).

TABLE 3. Genes differentially up-regulated in the HexR mutant background with respect to the genes expressed in the
parental strain.

ORF number Gene Function Fold induction
PP1009 gap-1 Glyceraldehyde-3-P-dehydrogenase 4.89
PP1010 edd 6-Phosphogluconate dehydratase 4.06
PP1011 glk Glucokinase 2.21
PP1012 gltR-2 DNA-binding response regulator GItR 1.94
PP1022 zwf-1 Glucose-6-P-dehydrogenase 2.04
PP1023 pal 6-Phosphogluconolactonase 6.07
PP1024 eda 2-Dehydro-3-deoxyphosphogluconate aldolase 4.77
PP4488 -- Conserved hypothetical protein 3.38

The ptxS gene is located within a set of genes that
includes the gluconate dehydrogenase operon
(PP3384 to PP3382) and the 2-ketogluconate
metabolism operon (PP3379 to PP3376). We
found that in the ptxS mutant background,
expression of the first gene in these two operons
and that of ptxS itself increased between 2.06- and
3.23-fold (Table 4). We also found that the genes

PP2984) also increased in this mutant background
(Table 4). A number of genes were repressed in
this mutant background by 1.93- to 3.67-fold, and
included 8 ORFs, 4 of which encoded proteins of
unknown function, and the other 4 encoding
proteins unrelated to glucose metabolism
(PP3064, PP3087, PP3095 and PP3252).

for two hypothetical proteins (PP2741 and

TABLE 4. Genes differentially up-regulated in the PtxS mutant background with respect to the genes expressed in the

parental strain.

ORF Gene Function Fold change
PP3064 gpX-pyocin R2 tail component protein -2.37
PP3087 Exonuclease ABC A subunit putative -1.81
PP3088 Conserved hypothetical protein -3.06
PP3089 Conserved hypothetical protein -3.67
PP3095 Chaperone-associated ATPase putative -2.21
PP3099 Conserved hypothetical protein -1.94
PP3100 Conserved hypothetical protein -1.93
PP3252 Modification methylase HemK family -2.80
PP2741 - Conserved hypothetical protein 1.92
PP2984 - Hypothetical protein 1.97
PP3379 kguE Epimerase KguE putative 2.20
PP3380 ptxS PtxS family 3.23
PP3384 - Conserved hypothetical protein 2.06
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A gItR2 mutant was generated as described in
Materials and Methods. When the transcriptional
pattern in cells grown on citrate was compared to
that of the parental strain, we found a significant
increase in expression (almost 2-fold) for a set of 5
ORFs that encoded proteins of unknown function,

which were scattered along the chromosome and
had no links with the glucose catabolism gene
cluster (Table 5). These results suggested that
GItR2 does not function as a repressor for glucose
metabolism.

TABLE 5. Genes differentially up-regulated in the GItR2 mutant background with respect to the genes expressed in the
parental strain.

ORF Gene Function Fold change
PP0299 - Conserved hypothetical protein 1.90
PP1516 - RND efflux pump 1.95
PP1545 - Hypothetical protein 1.81
PP2059 - Conserved hypothetical protein 1.86
PP2722 - Conserved hypothetical protein 1.97

To test whether GItR2 could act as an activator of
the glucose transport system as occurs in P.
aeruginosa (10), we fused the putative promoter
region of ORF PP1015 to ‘lacZ in pMP220 to yield
Py and assayed the fusion both in the wild type
and in the set of mutant regulators of the glucose
degradation pathway. We found that the in parental
strain, in the hexR, gnuR and ptxS-mutant
backgrounds, P-galactosidase activity increased
from negligible levels in the absence of glucose to
630-790 Miller Units in the presence of this sugar.
In the gltR2 mutant background expression was
null even in the presence of glucose. This set of
results suggests that GItR2 is the positive
transcriptional regulator of the glucose transport
system.

Fusion of the glucose catabolic operon
promoter regions to 'lacZ to validate the arrays.
To verify the set of results presented above we also
generated fusions of the promoter of the edd/glk
operon to ‘lacZ(Pedd), as well as to the promoter
region of the zwf-1/pgl/eda operon (Pzwf). The
resulting plasmids, pBedd and pBzwf (Table 1),
were transformed in the wild-type strain and the
hexR mutant, and [-galactosidase activity was
determined in the absence and in the presence of
glucose (Table 6). Pegg and P,y expression in the
absence of glucose was lower in the parental strain
than in the hexR mutant, which confirmed that
HexR represses expression of these two promoters.
However, in the presence of glucose the level of
expression from these promoters was equally high
in both backgrounds (Table 6). We also fused the
hexR promoter Phgr to ‘lacZ and tested its
expression. As shown in Table 6, the level of
expression was equally high in both backgrounds
regardless of the presence of glucose. Hence, these
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results confirm the expression level determined in
microarrays.
We also used fusions of Pgyuk and Poppssss to ‘lacz
and measured their expression in GnuR and PtxS
mutant backgrounds. In the gnuR mutant
background expression from Pyn« was about 4-fold
higher than in the parental strain in the absence of
glucose. Expression from Pyppizza was 2-fold
higher in the PtxS-deficient background than in the
parental strain in the absence of glucose (not
shown). Therefore, this set of results also
confirmed our transcriptomic results.
Identification of the transcription start point
(tsp) of the glucose catabolism operon. To learn
more about expression of the operons regulated by
the three transcriptional repressors (PtxS, GnuR,
HexR) and the activator (GItR2) in glucose
metabolism, we decided to determine the tsp of a
number of well-established operons.
a) HexR-regulated genes. For the HexR-regulated
genes we determined the tsp of hexR, gap-1, the
edd/glk operon and the zwf-l/eda operon (See
Figure 3 for gap-1 and Supplementary Figure 1 for
the others). In all cases a single tsp was found. For
hexR the transcription start point was a C located
67 bp upstream of the first G of the first potential
GTG codon. We found —-10 (-12 TACGAT-7) and
-35 (=35, TGGTAC, -30) hexamers similar to
those recognized by sigma-70 in Pseudomonas (5).
No indicative feature of inverted or direct repeats
was found between -143 and +67, in accordance
with the constitutive expression of this gene.
For gap-1, edd and zwf a single tsp was also
identified, and —10/ =35 hexamers similar to those
recognized by RNA polymerase with sigma-70
were found. These three promoters are under HexR
repressor control. Repressors have often been



found to exert their role by binding to inverted
repeats that partly or fully overlap the RNA-
polymerase binding site (31). For this reason we
searched for potential inverted repeats between
-50 and +50. We found a GntTtTaN;;,TAAAAnC
inverted motif that was located between -21 and
+8 in the zwf-1 promoter, between —16 and +13 in
the edd promoter, and between the —17 and +15 in

the gap-1 promoter. The potential role of this
sequence as the true site of recognition by HexR
awaits further experimental studies. In accordance
with HexR recognizing the above inverted motif is
that it was also found in the promoter region of the
ORF PP4488 whose level also increased in the
hexR mutant background.

TABLE 6. Expression from Py and P,,rin KT2440 and the hexR mutant strain.

Promoter Background Glucose B-gal activity

Pedd Wild type - 60x3
hexR mutant - 1205
Wild type + 150 =5

hexR mutant + 200 = 10

Wild type - 100 = 20

hexR mutant - 1260 = 10

Wild type + 1210 = 10

hexR mutant + 1340 = 40

Phexr Wild type - 220 = 10

hexR mutant - 205 £ 10

Wild type + 295 + 15

hexR mutant + 255 %20

b) GnuR-regulated genes. We determined the +1
of the gnuR and gnuK promoters (Figure 3). The
+1 in both cases was a G located 37 and 151 bp
upstream of the A of the first potential ATG. As
above, in front of these genes we found potential
-10/-35 hexamers similar to those sigma-70
recognizes in Pseudomonas (5). Overlapping
them was an inverted repeat,
GTCCnTACN;GTAnGGAC, located between
-78 and -96 in the gnuR promoter and +59 and
+77 in the gnuK promoter. This motif, however,
was not found in front of the other 5 genes whose
level of expression increased in the absence of
GnuR, suggesting they may not be under the
direct control by this regulator.

c) PtxS-regulated promoters. In PtxS we
determined the +1 of the ptxS gene (PP3380) and
the operon promoter of the 2KG operon
metabolism (kguE) (Figure 3). Both promoters
had a single tsp with AT-rich -10 hexamers and
relatively well conserved -35 hexamers. The
potential PtxS recognition site was a 5'-
TGAAACCGGTTTCA-3' inverted repeat that
overlapped the —10 region in kQUE and covered
the +1 region in ptxS. This motif is also present in
the ptxS gene in P. aeruginosa and has been
shown to be the target of PtxS in this human

pathogen (35). This motif also overlaps the —-10
region of the promoter of PP3384. We searched
for this motif in other regulated promoters in the
ptxS mutant background, though it was not found
in the putative promoter regions of these genes.

d) GItR2 controls expression from the gtsA gene
in response to glucose. In cells growing on
glucose we mapped the +1 of gtsA, which
corresponded to A located 96 bp upstream of the
start ATG codon. The promoter exhibited
relatively well conserved -10 hexamers, but
lacked a defined —-35 hexamer, as is typical of
promoters mediated by activators that respond to
chemical signals (9, 13, 34).

DISCUSSION

When Pseudomonas putida is exposed to glucose,
the sugar—upon reaching the periplasm—can
either be internalized and subsequently
metabolized via glucokinase/glucose-6-phosphate
dehydrogenase to 6PG or converted into 2KG in
the periplasmic space via glucose dehydrogenase
and gluconate dehydrogenase. Gluconate and
2KG are transported to the cytoplasm and
converted into 6PG (Figure 1). The scattered
distribution of the cluster of genes for each of the
three pathways along the chromosome of P.
putida suggests that each of the metabolic

55



pixs kguE gnukK
MATCG SI MATCG E2

MATC GK2 AT(GRIM

- a2 [ —
- = .
i i - - o
i . e 242 =
- & S - -
17 =l S — -
s.- - » .?__,_.
@ ICT et -
0 - - e
124 |~ : - . 190 il
&= - -2 =
- .-.. . o
110 - - - -
oF o o - BS
- -
- - — -
_ _“B pas -

T

1

. |

gnuR gap-1

IATC(_.]]M

- -‘l‘)[l

‘r
!;

147
I ‘ ’

‘- IHidtls-
i:t e

g = 110 53‘03;

_ 10
-| 124

(] ] ,

Figure 3. Transcription start point of the promoters in front of the ptxS, kguE, gnuK, gnuR and gap-1 genes. Preparation
of RNA from cells growing exponentially on glucose is described in Materials and Methods. Sequences of the primers
used for primer extension assays are given in Supplementary Table 1. In all panels M refers to single-strand markers,
and ATCG is a sequencing ladder. The primer extension product(s) for ptxS (S1), kguE (E2), gnuK (K2), gnuR(R1) and
gapl (1 and 1.1, since two different primers were used) are shown. Other conditions are as described in Materials and

Methods.

pathways has been acquired independently, and
the presence of genes that encode catabolic
enzymes and regulators was indicative of the
potentially independent regulation of each
segment. In agreement with this proposal is a
series of previous studies that indicated that the
glucokinase pathway was under catabolite
repression control when cells were exposed to
alternative C-sources such as toluene or succinate,
according to a process mediated by the global Crc
regulator (5, 41), whereas none of the other two
pathways were under catabolic repression (5).

The set of genes for the glucokinase pathway
cover a cluster consisting of PP1009 to PP1024.
There are two potential transcriptional regulators
within this cluster: GItR2 and HexR. The set of
catabolic genes does not only include the
glucokinase pathway, but also the Entner-
Doudoroff edd and eda genes in a peculiar
organization: the edd gene is co-transcribed with
glk, and eda is co-transcribed with zwf-1.
Divergently with respect to edd is gap-1, which
encodes glyceraldehyde-3-phosphate
dehydrogenase. The cluster also includes an
operon that encodes an ABC transport system
mediating the ATP-dependent transport of glucose
into the periplasmic space. All of these genes
except for hexR are inducible by glucose (4).

In P. aeruginosa Sage et al. (32) reported that the
gltR gene encoded a product homologous to the
response element of two-component systems,
whose disruption caused the loss of glucose
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transport activity. Inactivation of the gltR2 gene in
P. putida had an effect on growth in the presence
of glucose that resulted in a prolonged lag when
cells were transferred, for example, from M9
minimal medium with citrate to glucose-
containing medium as the sole C-source. This
seems to be consequence of (i) the lack of
induction of the gtSABCD genes that encode the
active transport system in P. putida, as shown by
our transcriptional fusion assays of a gtsA::lacZ in
the gltR mutant background; and (ii) the lack of
induction of pgl encoding 6-
phosphogluconolactonase, an enzyme required for
full operation at the highest rate of the
glucokinase pathway (10, 26). It should be noted
that pgl is under the control of HexR (Table 3)
and GnuR (Table 2), which indicates that the gene
can be controlled from the zwf-1 promoter under
HexR control and from its own (as yet
unidentified) promoter under GItR2 control. This
is somewhat surprising, but it may be related to
the need to induce pgl and eda for the efficient
catabolism of gluconate/2KG when these
chemicals are used as the sole C-source, as is also
the case in P. fluorescens (27), and in E. coli (8,
22).

Deficiency in HexR resulted in the constitutive
expression of the gap-1 gene and the edd/glk and
eda/zwf-1 operons. This suggests that HexR is a
transcriptional repressor of these operons. This
observation is in agreement with findings by
Phibbs and colleagues in P. aeruginosa (10). In



the hexR mutant background, expression of the
ABC glucose transport system comprising
gtsABCD was under the control of the GItR2
protein.

Our p-galactosidase assays with a Pegqi:lacZ
fusion revealed that HexR exhibits a relatively
broad spectrum of effectors responding not only
to glucose, but also to gluconate, 2KG and
fructose. Expression was equally high with all of
these  carbohydrates  (del  Castillo, T.,
unpublished). This is of physiological significance
since the edd/eda gene products are required for
P. putida to grow on gluconate, 2-ketogluconate
and fructose. Examples of transcriptional
regulators that recognize a broad range of
effectors are not common in the HexR/Lacl
family, but some repressors of the TetR family
(29) and the IclR family of regulators (21) have
been reported to exhibit broad spectra. HexR also
controls the expression of glyceraldehyde-3-
phosphate dehydrogenase, the enzyme that acts on
one of the final metabolites of the Entner-
Doudoroff pathway.

The tsp of the three glucose catabolism
transcriptional units regulated by HexR were
mapped. This allowed us to identify the
corresponding  promoters, which exhibited
-10/-35 hexamers by RNA polymerase with
sigma-70. In P. aeruginosa, hexR controls the
expression of gap-1 (24, 36) and this regulator
was found to recognize an AT-rich target dyad. In
P. putida an almost identical dyad was found
covering the —10 region of the three promoters
under HexR control, and we propose that in both
species HexR recognizes a similar dyad motif.

In addition to the set of glucose catabolism genes,
another gene (PP4488) was up-regulated in the
hexR mutant background, suggesting that HexR
might directly or indirectly regulate this gene.
Sequence analysis revealed that 329 nucleotides
upstream from the first ATG of the ORF encoding
PP4488 was also  present  the 5-
CGTTTGTAN;4sACAAAAGA-3’ motif.

In E. coli the edd/eda genes are co-transcribed and
regulated by a member of the GntR-family of
repressors that responds primarily to gluconate
(38). del Castillo et al. (4) suggested that the
glucokinase pathway might contribute up to 40%
of the glucose income in P. putida, with the 2KG
loop representing the metabolism of 40% to 45%
of the glucose. The set of genes involved in the
initial metabolism of gluconate to 2KG forms an

operon (PP3384 to PP3382), whereas the genes
for 2KG transport (PP3377) and its metabolism
(PP3379, PP3378 and PP3376) form another
operon that is transcribed from its own promoter.
The ptxS gene is located downstream of the kguE
gene (Figure 2). Inactivation of the ptxS gene led
to specific up-regulation of the promoters
upstream from PP3384 and PP3379, as well as up-
regulation of the ptxS gene (PP3380) itself. In P.
aeruginosa, ptxS has been identified as involved
in the control of the toxA gene and of its own
synthesis (35, 40). In P. aeruginosa the target of
PtxS is a 14-bp dyad sequence whose disruption
in front of this gene resulted in its over-
expression. We identified the same 14-bp dyad
element (5'-TGAAACCGGTTTCA-3") within the
35 nucleotides 5' upstream from each of the
promoter start sites, and suggest that this motif is
also the target of PtxS in P. putida.

In P. aeruginosa the 2KG pathway has been
described as the main route through which
glucose is assimilated under aerobic conditions;
however, the role of PtxS in the control of the
KgQuUE to kguD genes remains to be explored.
Inspection of the sequence upstream from the first
ATG of kguE in P. aeruginosa revealed that the
dyad sequence was also present, which leads us to
hypothesize that PtxS also controls 2KG
metabolism in P. aeruginosa.

In Pseudomonas putida the direct phosphorylation
of gluconate to 6PG is of minor importance in
metabolic terms, which contrasts with the
situation in other gram-negative (8, 22, 25, 27, 38)
and gram-positive bacteria (Corynebacterium
glutamicum [15] or Bacillus subtilis [43]).
However, the basic mode of regulation of
gluconate metabolism in P. putida is similar to
that in other bacteria. In P. putida the GnuR
repressor is highly homologous to the GntR
repressor of E. coli, B. subtilis and
Corynebacterium and controls the expression of
the gluconate transporter gene and glucokinase
gene. In E. coli and B. subtilis, expression of the
gluconokinase is under global regulation, which is
over-imposed on local specific regulation (38,
43). This level of complexity is not found in P.
putida, probably due to the minor role of
gluconokinase in the assimilation of glucose in
this bacterium. The GnuR protein seems to
recognize a dyad element, as is the case for the
two other regulators of the glucose operons.
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In summary, our results indicate that we have
identified four transcriptional regulators involved
in glucose catabolism. HexR controls the flux of
glucose to 6PG and further down to pyruvate and
glyceraldehyde-3-phosphate, due to the link
between the edd/eda gene of the Entner-
Doudoroff pathway and the glk/zwf-1 genes, as
discussed above. Concerning this pathway, it is
worth noting that the positive transcriptional
regulator GItR2 controls the expression of the
glucose transport system that allows the
internalization of glucose into the cytoplasm. PtxS
controls the expression of genes that encode
gluconate dehydrogenase and which convert
gluconate into 2KG, and the set of genes whose
products convert 2KG into 6PG. GnuR is another
repressor that specifically responds to gluconate
and controls its transport and phosphorylation.
This intricate set of regulators guarantees the
simultaneous channelling of glucose via three
pathways that converge at the level of 6PG.
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Supplementary Table 1. Primers used in primer extension analyses

Gen Primer name Sequence
ptxS S1 5- TAACGGGAGACGGTGGCTTT - 3°
kguE E2 5’- GGGTGGAGTACAGGCATTCC - 3’
gnuR R1 5- AACGGTGCTGACCCCACGCA - 37
gnukK K2 5’- CGATGCAGCTTTTGCCACAA -3’
gap-1 1 5’- AGGTCCTGGCGGTAGCCTTG - 3’
gap-1 1.1 5’- AATCCATTGATGGCGATGCG - 3’
edd el 5" - GCTGGGTGACCTCAAGGATG - 3’
edd e2 5’- AATCAGTTGCAGGTAGCGTT - 3°
zwf-1 zl 5’- GCCAAACAGGGCAAAGGTGC- 3’
hexR H1 5 - GATCTGTTCCAGGAGGTTTC - 3°
gtsA al 5’- CACTTCGACACTGCCTTTGG - 3~
gtsA a2 5" - AGGGGATTAACGAGGCAAAG -3’
edd zwf-] hexR gisA
MelATCGe2 MzIATCG HIA T C GM AT CGalMazATCG
BT | - - B
L - - * -
3 ‘ . K o - -
242 . ... s, o el 8
v B - 147
:"’ 110 u=w@®" T -':
190 3 e @ jz‘ 124
v ! - " _ " - -
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- =
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Supplementary Figure 1. Transcription start point of the promoters in front of the edd, zwf-1, hexR and gstA genes.
Preparation of RNA from cells growing exponentially on glucose is described in Materials and Methods. Sequences of
the primers used for primer extension assays are given in Supplementary Table 1. In all panels M refers to single-strand
markers, and ATCG is a sequencing ladder. The primer extension product(s) for edd (el and €2, since two different
primers were used), zwf-1 (z1), hexR(H1) and gstA (al and a2, since two different primers were used) are shown. Other
conditions are as described in Materials and Methods.
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I11. CAPITULO 3. RESUMEN.

Simultaneous catabolite repression between glucose and toluene metabolism in
Pseudomonas putida is channeled through different signaling pathways

Teresa del Castillo & Juan L. Ramos

Pseudomonas putida KT2440 (pWWO0) utiliza tolueno a través de la ruta
catabdlica codificada en el plamido TOL y glucosa por una serie de tres rutas
periféricas de codificacion cromosdémica que convierten la glucosa en 6-
fosfogluconato (6PG), llamadas, la ruta de la glucoquinasa, en la cual la glucosa es
transformada a 6PG a través de la accion de la glucoquinasa y la glucosa-6-fosfato
deshidrogenasa. Alternativamente la glucosa puede ser oxidada a gluconato y 2-
cetogluconato que rinden 6PG. Nuestros resultados muestran que KT2440 cataboliza
la glucosa y el tolueno simultaneamente, como revelan los analisis de flujo de glucosa
utilizando "’C-glucosa. La determinacion de la actividad glucoquinasa y
gluconoquinasa en el metabolismo de la glucosa, los ensayos de la expresion de los
genes usando una fusion del promotor Pu del plasmido TOL de la ruta upper a 'lacZ,
y los ensayos globales de transcriptomica revelaron represion catabdlica simultdnea
en la utilizacion de estas dos fuentes de carbono. El efecto del tolueno en el
metabolismo de la glucosa se ejerci6 sobre lazo de la glucoquinasa directamente. La
represion catabolica de la ruta TOL y del lazo de la glucoquinasa estan mediados por
dos sistemas diferentes. La expresion de Pu se reprimi6 principalmente via PtsN en
respuesta a altos niveles de 2-dehidro-3-deoxigluconato-6-fosfato, mientras que la
represion de la ruta de la glucoquinasa se canalizo a través de Crec.
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Pseudomonas putida KT2440(pWWO0) can use toluene via the TOL plasmid-encoded catabolic pathways and
can use glucose via a series of three peripheral chromosome-encoded routes that convert glucose into 6-phos-
phogluconate (6PG), namely, the glucokinase pathway, in which glucose is transformed to 6PG through the
action of glucokinase and glucose-6-phosphate dehydrogenase. Alternatively, glucose can be oxidized to glu-
conate, which can be phosphorylated by gluconokinase to 6PG or oxidized to 2-ketogluconate, which, in turn,
is converted into 6PG. Our results show that KT2440 metabolizes glucose and toluene simultaneously, as
revealed by net flux analysis of ["*C]glucose. Determination of glucokinase and gluconokinase activities in
glucose metabolism, gene expression assays using a fusion of the promoter of the Pu TOL upper pathway to
'lacZ, and global transcriptomic assays revealed simultaneous catabolite repression in the use of these two
carbon sources. The effect of toluene on glucose metabolism was directed to the glucokinase branch and did not
affect gluconate metabolism. Catabolite repression of the glucokinase pathway and the TOL pathway was
triggered by two different catabolite repression systems. Expression from Pu was repressed mainly via PtsN in
response to high levels of 2-dehydro-3-deoxygluconate-6-phosphate, whereas repression of the glucokinase

pathway was channeled through Crec.

The Pseudomonas putida pWWO TOL plasmid encodes the
catabolic pathways for the mineralization of toluene and
xylenes (4). Figure 1 shows the genetic organization of the
catabolic operons. The chief regulator involved in the tran-
scriptional control of TOL plasmid catabolic pathways in cells
growing on aromatic hydrocarbons is XylR. This regulator
drives transcription from the Pu promoter in front of the
xylUWCMABN genes, which constitute the upper operon, for
conversion of toluene and p- and m-xylenes into the corre-
sponding benzoates, as well as from the Psl promoter to in-
crease expression of the xylS gene (Fig. 1). This, in turn, results
in the induction of the meta operon for the oxidation of ben-
zoates into Krebs cycle intermediates. Transcription from Pu
and Psl is mediated by RNA polymerase with RpoN, also
known as sigma-54 (37, 39).

Expression from the Pu promoter is repressed by the pres-
ence of alternative C sources. The first indication of TOL
pathway susceptibility to catabolite repression was the seminal
observation by Worsey and Williams (49) that cells grown in
batch cultures on a mixture of acetate and m-xylene contained
twofold-lower levels of the upper pathway enzymes than cells
grown with m-xylene as the sole source of carbon and energy.
Definitive proof of catabolite repression was provided by
Duetz et al. (12), who showed that o-xylene did not induce
expression of the TOL catabolic pathways in continuous cul-
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tures growing either at a high rate under nonlimiting condi-
tions (with an excess of all nutrients) or at a low rate in cultures
limited in N, P, or S (all such conditions resulted in excess
carbon in the medium).

In Enterobacteriaceae cyclic AMP (cAMP) acts as a signal
molecule in catabolite repression (36). However, catabolite
repression in Pseudomonadaceae does not involve cAMP; in
fact, in P. putida and Pseudomonas aeruginosa, cAMP levels are
relatively constant regardless of the growth conditions (34, 38,
41). In Pseudomonadaceae catabolite repression seems to in-
tegrate different signals instead, a feature that increases the
complexity of the system. Up to five different potential regu-
lators have been related to catabolite repression in P. putida,
namely, Crc (20, 29, 38), Crp (called Vfr in P. aeruginosa) (43,
48), CyoB (10, 33), RelA (24, 44), and the Pts system (3, 5).
The level of expression from the Pu promoter in wild-type cells
growing on glucose or gluconate and toluene was one-third the
level in cells growing with only toluene (2, 5, 21), and suppres-
sion of upper pathway induction in the presence of these car-
bon sources was proposed to operate through the ptsN gene
product. Indeed, in a PtsN-deficient mutant background Pu
expression in the presence of glucose was derepressed (5), and
Aranda-Olmedo et al. (2) proposed that addition of the re-
pressing carbon source resulted in PtsN preventing XylR bind-
ing to its target upstream activator sequences.

We recently found that in P. putida KT2440 6-phosphoglu-
conate (6PG), the key metabolite of the Entner-Doudoroff
pathway, was synthesized by three converging pathways; the
glucose dehydrogenase (Gced) route and the glucokinase (Glk)/
glucose-6-phosphate dehydrogenase pathway accounted for al-
most 90% of the 6PG synthesized by the cells, whereas the
remaining 10% was synthesized through direct phosphoryla-
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FIG. 1. TOL plasmid promoters under control of the XyIR protein.
The xylR gene, expressed from two overlapping P promoters, yielded
an inactive XylR protein ([J) which, in the presence of toluene, be-
came active (M) and stimulated transcription (+) from Pu and Psl
while repressing (—) its own synthesis. The alternative RpoN sigma
factor participating in transcription of Pu and Ps1 is indicated. IHF has
a positive role in the transcription of Pu (37).

tion of gluconate in a reaction mediated by gluconokinase (9).
Velazquez et al. (46) suggested that 6PG or the products de-
rived from its metabolism acted as signals for glucose repres-
sion of Pu. The present study was undertaken to obtain further
insight into the phenomenon of glucose repression of the TOL
Pu upper pathway operon promoter from the physiological and
molecular points of view. We show here that in the wild-type P.
putida KT2440 strain and isogenic mutants deficient in the
operation of the Ged and Glk pathways, toluene and glucose
affected each other’s metabolism in a process that counterbal-
anced the total amount of carbon assimilated by the cells. Our
study showed that repression of toluene degradation by glu-
cose is signaled by 2-dehydro-3-deoxygluconate-6-phosphate
and that effective repression requires a functional PtsN pro-
tein, whereas toluene repression of glucose metabolism affects
the Glk pathway but not the gluconate pathways. The effect of
toluene on the Glk route is channeled via the Crc protein.

CATABOLITE REPRESSION IN P. PUTIDA 6603

MATERIALS AND METHODS

Bacterial strains, plasmids, and culture conditions. We used P. putida
KT2440, a derivative of P. putida mt-2 (1, 31) (Table 1). Isogenic glk (strain
PSC278) and ged (strain M438) mutants of this strain have been described
previously (Table 1 and references therein). These strains were grown at 30°C at
200 rpm in 250-ml conical flasks with 20 ml M9 minimal medium supplemented
with Fe citrate, MgSO, and trace metals (1, 13). Glucose (16 mM), toluene (6
mM), or glucose (16 mM) and toluene (6 mM) were used as carbon sources. For
13C-labeling experiments we used a mixture of 20% (wt/wt) [U-'*Clglucose
(>99% pure; Martek Biosciences Corporation, Columbia, MD) and 80% (wt/wt)
natural glucose.

Analytical procedures, physiological parameters, sample preparation, and gas
chromatography-mass spectrometry analysis. The glucose concentration was
determined enzymatically with a commercially available kit (Roche Diagnostics).
The cell dry weight, the maximum specific growth rate, the biomass yield, and the
specific carbon source consumption rate were determined as described previ-
ously (9, 17).

To analyze proteinogenic amino acids, cell aliquots were harvested during the
mid-exponential growth phase by centrifugation of 5 to 7 ml of culture broth at
4°C, and the pellets were hydrolyzed in 6 M HCl for 24 h at 110°C in sealed 2-ml
Eppendorf tubes. Samples were desiccated, treated, and analyzed as described
previously (8, 15, 17, 32).

Analysis of metabolic fluxes. For METAFoR analysis, mass spectra of four
derived amino acids (glycine, serine, proline, and glutamate) were considered.
These amino acids are synthesized from single metabolic intermediates, and the
mass isotopomer distribution vector of these metabolites was derived from the
mass isotopomer distribution vector of the amino acids. The values were used to
calculate the fractional contribution of the corresponding reaction to the target
metabolite pool with a set of algebraic equations implemented in the MATLAB-
based program Fiat Flux, version 1.04, as described by Fischer et al. (16).

Preparation of RNA. The P. putida KT2440 strain was grown overnight in M9
minimal medium with glucose. Cells were then diluted until the turbidity at 660
nm (ODygg) was 0.05 in fresh M9 minimal medium without a carbon source, and
three aliquots were removed and supplemented with glucose or glucose plus
toluene. Samples were then incubated until the culture reached a turbidity at 660
nm of 0.7. Then 15-ml portions of the cultures were harvested by centrifugation
at 7,000 X g for 5 min, and total bacterial RNA was isolated exactly as described
by Marqués et al. (27). Extracts were treated with RNase-free DNase I (10 U/ul)
in the presence of an RNase inhibitor cocktail (40 U/ul RNaseOUT).

P. putida microarrays. The genome-wide DNA chip used in this work (printed
by Progenika Biopharma) was described previously (50). It consists of an array of
5,539 oligonucleotides (50-mers) spotted in duplicate onto y-aminosilane-treated
slides and covalently linked with UV light and heat. The oligonucleotides rep-
resent 5,350 of the 5,421 predicted open reading frames annotated in the P.

TABLE 1. Strains and plasmids used in this study

Strain or plasmid Genotype or relevant characteristics® Reference(s)
P. putida strains
KT2440 Wild type, prototroph; Cm" Rif" 1,32
M1044° edd:mini-Tn5-Km Km" Rif* 14
M1128° eda:mini-Tn5-Km Km" Rif" 14
M438° ged:mini-Tn5-Km Km"® Rif® 14
PSC278” glk::pCHESIQ-Km Riff 9
KT2440 ptsN Km'"; P. putida KT2440 with a kanamycin resistance cassette interrupting the ptsN gene 3
KT2440 crc Gm"; P. putida KT2440 with a gentamicin resistance cassette interrupting the crc gene 3
KT2440 crp Km'"; P. putida KT2440 with a kanamycin resistance cassette interrupting the crp gene 3
KT2440 cyoB Tc"; P. putida KT2440 with a tetracycline resistance cassette interrupting the cyoB gene 38
KT2440 relA Km'"; P. putida KT2440 with a kanamycin resistance cassette interrupting the rel4 gene 44
KT2440(pWWOr Pm{) Sm) Sm"; P. putida KT2440 with a kanamycin resistance cassette interrupting the Pm gene 26
KT2440(pWWO0:: . 21) Km'"; P. putida KT2440 with a kanamycin resistance cassette interrupting the xylE gene 26
Plasmids
pRK600 Helper plasmid; tra* mob™ Cm" 5,19
pS10 IncP1 Sm" xy/R; transcriptional Pu::lacZ::tet fusion 3
pWWO0 IncP9 mob™ tra* 3MB™ 49

@ Ap", Cm", Gm®, and Km’, resistance to ampicillin, chloramphenicol, gentamicin, and kanamycin, respectively.

> Obtained from the collection of KT2440 mutants available at our institute.
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TABLE 2. Growth rates and physiological parameters of P. putida KT2440(pWW0) and isogenic mutants of
this strain growing with different carbon sources

Growth rate (h™1) with: Gaie (wmol/mg [cell dry wt] h™1)7 G (wmol/mg [cell dry wt] h—1)?
Strain
Glucose Toluene Glucose + toluene Without toluene With toluene Without glucose With glucose
KT2440(pWWO0) 0.73 = 0.03¢ 0.72 = 0.02 0.74 = 0.07 131+ 0.8 5.7*=05 11.9 £ 0.5 6.4*=0.2
KT2440 ged(pWWO0) 0.42 = 0.01 0.73 = 0.04 0.45 = 0.01 50=*05 24*0.1 124 £ 0.1 114 £ 04
KT2440 glk(pWWO0) 0.38 = 0.06 0.72 = 0.01 0.66 = 0.01 5105 5907 113 £0.2 55*=03
KT2440 ptsN(pWWO0) 0.67 = 0.01 0.70 = 0.01 0.71 = 0.18 ND“ ND ND ND
KT2440 crc(pWWO0) 0.51 0.1 0.65 = 0.1 0.65 = 0.04 ND ND ND ND

“ Glucose consumption was determined in cells growing in the absence and in the presence of toluene.
® Toluene consumption was determined in cells growing in the absence and in the presence of glucose.
¢ The data are averages * standard deviations of three to six independent assays, each done in duplicate.

4 ND, not determined.

putida KT2440 genome. The chips also contain homogeneity controls consisting
of oligonucleotides for the rpoD and rpoN genes spotted at 20 different positions,
as well as duplicate negative controls at 203 predefined positions. Preparation
and labeling of RNA for hybridization and data analysis were done as described
previously (11, 14, 50).

B-Galactosidase assays. The pS10 plasmid was transformed into P. putida
KT2440(pWWO0) and isogenic mutants of this strain. Transformants were se-
lected on M9 minimal medium with 5 mM 3-methylbenzoate as the sole carbon
source and 10 pg/ml tetracycline. P. putida(pWWO0, pS10) was grown on M9
minimal medium with glucose or citrate (16 mM), and when the cultures reached
an ODygq of 0.1, they were supplemented or not supplemented with toluene in
the gas phase and incubation was continued at 30°C with shaking until the OD
of the cultures were 0.6 = 0.1. The B-galactosidase activity was assayed in
permeabilized whole cells using Miller’s method (28). Assays were done in
triplicate and were repeated at least three times.

Preparation of cell extracts and enzyme assays. Cell batches in 50 ml of
minimal medium with glucose, toluene, or glucose plus toluene as the carbon
source were harvested by centrifugation at 7,000 X g for 7 min, washed twice, and
frozen at —20°C. Cells were disrupted in a French press at 120 MPa. Whole cells
and debris were removed by centrifugation at 11,180 X g (45 min, 4°C). The clear
supernatant was used as a cell extract. The protein concentrations in cell extracts
were determined by the Bradford method, using bovine serum albumin as the
standard. Glucokinase and gluconokinase assays were performed at 30°C at 340
nm with a Shimadzu UV-160A spectrophotometer as described previously (22,
45). Specific activities were calculated based on an NAD(P)H extinction coeffi-
cient of 6.3 mM ! em ™%

RESULTS

Simultaneous utilization of glucose and toluene by P. putida
KT2440 and isogenic mutants of this strain. P. putida KT2440
(Table 1) growing on M9 minimal medium with glucose, tolu-
ene, or glucose plus toluene exhibited high growth rates (Table
2). As reported previously, mutants deficient in the synthesis of
Glk or Ged were still able to grow on glucose, but the growth
rates were lower (around 0.4 h™') than those of the parental
strain (0.73 = 0.03 h™!) (Table 2).

The growth rates with toluene of mutants deficient in Ged or
Glk were similar to those of the parental strain (around 0.72 *
0.03 h™ ') (Table 2). When the M438 (gcd mutant) and PSC278
(glk mutant) strains were grown on glucose plus toluene, we
found that the growth rate of the gcd mutant was similar to that
measured with glucose alone, whereas the glk mutant grew at
a higher rate with glucose and toluene (0.66 = 0.01 h™') than
with glucose alone (Table 2). These results suggest that tolu-
ene influenced glucose metabolism, particularly in the ged mu-
tant, in which glucose assimilation operates via the Glk route.

When we examined the rate of glucose consumption (q,)
by the parental strain and isogenic mutants of it growing in the
absence and in the presence of toluene, we found that the g,

for wild-type cells growing in the presence of toluene was
about one-half the rate with glucose alone (Table 2). We also
found that the rate of toluene assimilation (g,,) in the wild-
type strain in the presence of glucose dropped by about 47%
compared with the rate of hydrocarbon utilization in the ab-
sence of the sugar (Table 2). This indicates that the wild-type
cells were able to assimilate glucose and toluene simulta-
neously.

We also examined g, and g, in M438 and PSC278 mutant
cells. In these mutants the level of uptake of glucose was lower
than that in the parental strain, as expected from their reduced
growth rates with this sugar. However, although the glucose
uptake rate decreased when toluene was present in the culture
medium of the ged mutant (strain M438), no decrease was
observed in glk mutant cells (strain PSC278) (Table 2). When
G In the glk- and ged-deficient mutants was examined, we
found the opposite effect, namely, that in the presence of
glucose the rate of toluene consumption was not affected in the
Aged mutant, whereas it decreased by almost 50% in the glk
mutant. Therefore, KT2440 and isogenic mutants of this strain
can use glucose and toluene simultaneously in the early steps
of glucose assimilation.

Results of net flux analyses support the simultaneous use of
glucose and toluene by P. putida. To learn more about the
simultaneous metabolism of glucose and toluene, we decided
to carry out assays using '*C-labeled glucose, as described in
Materials and Methods. To this end, we grew wild-type and
mutant cells in the absence and in the presence of nonlabeled
toluene. We focused our attention on four amino acids: serine
and glycine, made from 3-phosphoglycerate (Fig. 2), and glu-
tamate and proline, made from the 2-ketoglutarate Krebs cycle
intermediate (Fig. 2). In the absence of toluene, as expected,
the percentage of labeled amino acids was about 20%, consis-
tent with the amount of *C supplied to the cultures (Fig. 3). In
the wild type in presence of toluene, the ratio of **C in glycine
and serine was almost 20%, in agreement with the fact that
3-phosphoglycerate is synthesized mainly from [“*C]glucose.
However, the percentage of *C in glutamate and proline was
slightly less than 10%. This is in agreement with the dilution of
'3C in the tricarboxylic acid cycle because of feeding with both
glucose and toluene (Fig. 3). The proportion of '*C in glutamate
and proline suggested that there were similar contributions by
glucose and toluene to the Krebs cycle in wild-type P. putida
KT2440 cells. These results are in agreement with the rates of
glucose and toluene consumption shown in Table 2. It should be
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FIG. 2. Integration of glucose and toluene metabolism into central metabolism in P. putida KT2440. The pathways are based on experimental
data reported by Worsey and Williams (49), Velazquez et al. (49), and del Castillo et al. (9). Abbreviations: GLC, glucose; GLT, gluconate; TKG,
2-ketogluconate; 6PG, 6-phosphogluconate; 2K3D6PG, 2-dehydro-3-deoxy-6-phosphogluconate; PYR, pyruvate; PEP, phosphoenolpyruvate;
G3P, glyceraldehyde-3-phosphate; 3PG, 3-phosphoglycerate; 2PG, 2-phosphoglycerate; TOL toluene; BEN, benzoate; CAT, catechol; AcCoA,
acetyl coenzyme A; CIT, citrate; ICIT, isocitrate; 2KG, 2-ketoglutarate; MAL, malate; OAA oxaloacetate.

noted that in P. putida KT2440 without the TOL plasmid, the
percentage of labeled amino acids was around 20% of the total
regardless of the presence of toluene, as expected.

In the KT2440 gcd and KT2440 glk mutants growing on
labeled glucose in the absence of toluene, we obtained about
20% '3C-labeled molecules for the four amino acids tested.
This was expected since glucose was the sole C source. How-
ever, when toluene was also present, the situation was different
than that described above for the wild-type strain. In this case
the percentages of labeling in glycine and serine and in gluta-
mate and proline were equivalent, as expected from their com-
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mon biosynthetic origins. In the PSC278 (glk-deficient) mutant
strain the amount of '>C labeling in glycine and serine was
14%, whereas for glutamate and proline it was 8% because of
dilution with unlabeled acetyl coenzyme A. In the M438 mu-
tant strain (with the gcd gene knocked out) ["*C]glutamate and
["*C]proline accounted for only 1% of the total amount,
whereas ['*CJserine and ['*C]glycine accounted for about 4%
(Fig. 3). This was interpreted as evidence that toluene provides
not only larger amounts of carbon to the Krebs cycle but also
an extra flux of carbon necessary to synthesize 3-phosphoglyc-
erate from pyruvate (Fig. 2).
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FIG. 3. *C-labeling patterns in different amino acids derived from [*C]glucose. Bacterial cultures were fed with 20% (wt/wt) ['*C]glucose, and
13C levels in serine (hatched bars), glycine (open bars), proline (stippled bars, white dots on black background), and glutamate (stippled bars, black
dots on white background) were determined. The strains used are indicated as follows: KT, parental strain; glk pWWO, mutant deficient in glk;
and gcd pWWO, mutant deficient in gcd. —tol indicates that toluene was absent, and +tol indicates that toluene was present. The y axis indicates

the percentages of >C/'*C in the amino acids.
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The results described above support the conclusions that
glucose and toluene can be assimilated simultaneously and that
toluene has a marked negative effect on the Glk pathway, as
suggested by our finding that the flux of carbon from glucose in
a ged mutant was significantly limited. This effect was less
substantial in the Ged pathway. Therefore, it seems that tolu-
ene has a negative effect on the Glk pathway and a less no-
ticeable effect on the gluconate pathways.

Global transcriptomic response of P. putida KT2440 cells
growing with glucose and toluene. The physiological data re-
ported above indicated that glucose affects the breakdown of
toluene and that toluene affects glucose degradation too. To
shed light on these effects at the transcriptional level, we de-
cided to carry out a series of assays to compare the transcrip-
tomes of cells growing in the exponential phase with glucose
plus toluene and cells growing with glucose alone. A summary
of the most relevant results for upregulated genes is shown in
Table 3. Tables S1 and S2 in the supplemental material show
downregulated genes and all genes identified as genes involved
in glucose metabolism, respectively. The most remarkable re-
sult was that the sets of genes that formed the upper operon
(xyIUWCMABN) and the lower operon (xyIXYZLTEFGHKT)
were induced in response to toluene. The changes varied be-
tween 2.93-fold for xy/C and 13.43-fold for xylU in the upper
operon and between 2-fold for xy/F and 4.68-fold for xy/Z in the
meta operon (Table 3). This indicates that cells induced the set
of genes necessary for toluene catabolism. In addition to the
TOL plasmid genes for toluene catabolism, we found that
another 28 genes were induced more than twofold (Table 3). In
agreement with Dominguez-Cuevas et al. (11), among the in-
duced genes were the genes that encoded a number of stress
proteins, including the IbpA chaperone (PP1982), two efflux
pumps that removed excess solvent (PP3735 and PP3961), pro-
teins involved in oxidative stress (PP3998), a number of pro-
teins for general metabolism, and a number of hypothetical
proteins. We also found two genes that encoded regulators, a
sensor kinase (PP3413), and a luxR-like regulator (PP3717), all
of which were induced.

The number of downregulated genes was small (11 genes).
Four of these genes encoded proteins having unknown functions,
five other genes encoded membrane proteins, including an efflux
pump (PP3582) (see Table S1 in the supplemental material), and
two genes encoded putative general metabolism enzymes.

We specifically analyzed the arrays in detail for glucose
metabolism genes (see Table S2 in the supplemental material).
Glucose metabolism involves entry of the sugar into the
periplasmic space, a process that takes place through specific
porins in the outer membrane (OprB porin). Glucose can then
be internalized into the cytoplasm via an ABC system for
subsequent conversion to glucose-6-phosphate (catalyzed by
the Glk enzyme) and 6PG (catalyzed by glucose-6-phosphate
dehydrogenase), or alternatively, glucose in the periplasmic
space can be oxidized to gluconate and 2-ketogluconate, which
are transported to the cytoplasm for conversion into 6PG (Fig.
2). We analyzed the effect of toluene on the different sets of
gene clusters involved in glucose metabolism. The set of glu-
cose metabolism genes more affected by the presence of tolu-
ene comprised the genes involved in glucose uptake via the
ABC glucose transport system, made up of PP1015 through
PP1018. This set of genes was repressed between 2- and 2.49-
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TABLE 3. P. putida KT2440 upregulated genes in cells growing on
glucose plus toluene compared to cells growing on glucose alone

Open reading

frame and/or Family ch};(1)11d a
gene 8¢
xylU Probable toluene porin 13.43
xylw Probable toluene porin 6.31
xylA Toluene monooxygenase 6.05
xylB Benzyl alcohol dehydrogenase 3.05
xylC Benzaldehyde dehydrogenase 2.93
xylX Toluate 1,2-dioxygenase 2.86
xylZ Toluate 1,2-dioxygenase 4.68
xylL 1,2-Dihydroxy-3,5-cyclohexadiene-1-1- 4.11
carboxylate
xylE Catechol 2,3-dioxygenase 2.70
xylF Hydrolase semialdehyde 2- 2.02
hydroxymuconic
G Dehydrogenase semialdehyde 2- 3.44
hydroxymuconic
xylH 4-Oxalocrotonate tautomerase 3.74
xyll 4-Oxalocrotonate decarboxylase 2.78
xylK 4-Hydroxy-2-oxovalerate hydrolase 342
xylM Toluene monooxygenase 3.84
xyIN Unknown function 2.61
xylQ Acetaldehyde dehydrogenase 2.48
xylT Ferredoxine 243
PP0210 Putative phycobiliprotein 2.86
PP1074 (glpR)  Glycerol-3-phosphate regulon repressor 2.79
PP1897 DNA internalization-related competence 4.36
protein
PP2268 Phage endodeoxyribonuclease 2.19
PP2589 Aldehyde dehydrogenase family protein 2.52
PP2805 Monooxygenase flavin-binding family 227
PP3243 Acetyltransferase GNAT family 7.38
PP3413 Sensor histidine kinase/response regulator 2.38
PP3717 Transcriptional regulator LuxR family 2.94
PP3998 Glutathione S-transferase domain protein 4.05
PP4538 Putative acyl carrier protein 3.87
phosphodiesterase
PP4983 Flavin-containing monamine oxidase 2.23
family protein
PP5340 Acetylpolyamine aminohydrolase 2.09
pcaC 4-Carboxymuconolactone decarboxylase 2.13
peal 3-Oxoadipate coenzyme A-transferase, 2.15
subunit B
PP3726 (ech)  Enoyl coenzyme A hydratase/isomerase 491
family protein
PP5248 Hydrolase isochorismatase family 2.46
PP5255 Hydrolase isochorismatase family 2.49
PP1982 (ibpA) IbpA heat shock protein IbpA 2.00
PP3735 ABC transporter ATP-binding protein 2.00
PP3961 Putative transporter 2.00
PP1687 Hypothetical protein 2.94
PP2644 Hypothetical protein 2.97
PP3353 Conserved hypothetical protein 7.04
PP4561 Conserved hypothetical protein 2.73
PP4901 Conserved hypothetical protein 2.72
PP4981 Conserved hypothetical protein 2.02
PP4982 Conserved hypothetical protein 2.64

Hypothetical protein pWWO0 ¢57031-56282 2.70
Hypothetical protein pWWO0 c65777-65391 2.08
Hypothetical protein pWWO0 ¢94962-94570 3.65
Hypothetical protein pWWO0 c66769-66416 3.97

“The changes are averages of at least two assays. The P values were =<0.05.

fold. The glk and edd genes, which are part of the same operon,
were also repressed almost 2.0-fold. In contrast, the set of
genes for the gluconate loops was affected little, if at all (see
Table S2 in the supplemental material). Therefore transcrip-
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TABLE 4. Glucokinase activities in wild-type and mutant cells

Glucokinase activity

Strain Substrate(s) (nmol/min/mg protein)®
KT2440(pWWO0) Glucose 273+19
KT2440(pWWO0) Glucose + toluene 164 =19
KT2440(pWWO0) Toluene 1303
KT2440 pstN(pWWO0)  Glucose 302+ 1.4
KT2440 pstN(pWWO0)  Glucose + toluene 162 + 2.7
KT2440 pstN(pWWO0)  Toluene 0.9 *=0.1
KT2440 cre(pWWO0) Glucose 273 €54
KT2440 crc(pWWO0) Glucose + toluene 27.6 £ 1.7
KT2440 cre(pWWO0) Toluene 14+0.2
KT2440(pWWO0 A Pm)  Glucose 263 £0.3
KT2440(pWWO0 A Pm)  Glucose + toluene 26.7 £ 0.4
KT2440(pWWO0 A Pm) Toluene 1.5*02

“The data are the averages * standard deviations of at least three indepen-
dent determinations done in triplicate.

tomic analysis revealed that the catabolism of glucose through
the glucokinase pathway is influenced by toluene catabolism,
whereas the gluconate loop pathways are not sensitive to the
presence of hydrocarbons.

Toluene affects the level of glucokinase activity in cells grow-
ing on glucose and toluene. The physiological and transcrip-
tomic results reported above led us to measure glucokinase
activity and gluconokinase activity in wild-type cells growing in
the absence and in the presence of toluene. We found that in
cells growing on toluene, gluconokinase and glucokinase activ-
ities were low, whereas in cells growing on glucose both en-
zymes were induced. This is in agreement with our previous
results (9). The level of glucokinase in wild-type cells growing
on glucose and toluene was almost 60% of the level in cells
growing on glucose alone (Table 4). No significant effect on
gluconokinase activity was observed (not shown). Therefore,
the biochemical data support the pattern deduced from our
transcriptomic analysis.

Identification of the glucose metabolite(s) involved in tolu-
ene repression. Wild-type P. putida cells, as well as cells of the
ged and glk mutants bearing the TOL plasmid, were trans-
formed with pS10, a low-copy-number Tc" Sm" plasmid bearing
a Pu:lacZ fusion and xyIR (2). Cells were grown on M9 minimal
medium with glucose, toluene, and toluene plus glucose as
described in Materials and Methods. In wild-type cells, basal
levels of B-galactosidase activity were found when cells were
grown on glucose or citrate, and expression was about 20-fold
higher in cells growing on toluene (Table 5). The B-galactosi-

TABLE 5. Expression of the Pu promoter fused to lacZ in the wild
type and glucose mutants growing under different conditions”

B-Galactosidase activity (Miller units) with:

Stain Glucose Toluene Glucose +
toluene
KT2440(pWWO0) 310 =20 6,620 = 150 2,060 = 40
KT2440 ged(pWWO0) 185 £ 15 6,035 = 125 4,710 = 700
KT2440 glk(pWWO0) 400 = 30 6,775 £ 100 3,870 = 140
KT2440 ptsN(pWWO0) 450 = 20 8,100 = 200 8,550 = 190
KT2440 crc(pWWO0) 380 = 40 7,700 = 500 5,680 = 300

“ The strains used were transformed with pS10, which carries a Pu:'lacZ fusion
and the xyIR gene. Assays were done in duplicate, and the data are the averages =
standard deviations of at least three independent assays.
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FIG. 4. Induction of Pu in parental strain P. putida KT2440 and edd
and eda mutants of this strain. Bacterial cells were grown on citrate as
the sole C source, and when cultures reached the mid-exponential
phase (ODgg, 0.7 = 0.1), cells were harvested, washed in M9 minimal
medium without a C source, and divided into three aliquots that were
supplemented with glucose, toluene, or glucose plus toluene. B-Galac-
tosidase levels were determined 30 min later. The data are the aver-
ages and standard deviations of three independent assays. Open bars,
P. putida KT2440(pS10); gray bars, edd mutant containing pS10; dot-
ted bars, eda mutant.

Toluene

dase levels were only 30% of the maximal induced levels when
they were measured in wild-type cells growing on glucose plus
toluene. In the glk and gcd mutants, the B-galactosidase activity
in cells growing on glucose plus toluene was lower than that in
cells growing on toluene alone (Table 5). Therefore, this set of
results supports previous studies that showed that glucose has
a marked effect on toluene metabolism in P. putida.

Several research groups (9, 46, 47) have shown that P. putida
mutants with mutations in the edd or eda genes cannot grow on
glucose because the breakdown of 6PG into central metabo-
lites is blocked (Fig. 2). To determine whether glucose or one
of its metabolites was responsible for the catabolite repression
described above, we decided to grow wild-type and edd and eda
mutant cells on citrate and then transfer cells to minimal me-
dium with toluene, glucose, or glucose plus toluene. After
incubation for 30 min we measured B-galactosidase activity
and found that it had increased from negligible levels to almost
3,000 Miller units (Fig. 4) in the parental strain and 5,000 to
7,000 Miller units in the edd and eda mutants exposed to only
toluene. We also found that with glucose plus toluene the level
of B-galactosidase activity in the parental strain or in the eda
mutant was about 10 to 20% of the maximal activity measured
with toluene alone, whereas in the edd mutant the level was close
to 90% (Fig. 4). This suggests that the 2-dehydro-3-deoxyglu-
conate-6-phosphate (Fig. 2) that accumulates in the eda mutant
cells, not glucose or 6PG, is the true catabolite repressor signal.

To find out whether toluene or its metabolites were respon-
sible for the effect observed on glucose assimilation, we carried
out a series of assays with TOL mutants that convert toluene
into benzoate (pWWO0 APm) or that are blocked at the level of
2,3-dioxygenase (TOL p21) (Table 1). We found that with
these TOL plasmid mutants, in which toluene does not serve as
a carbon source, the glucokinase activity levels in cultures with
toluene and glucose did not change compared with the levels in
cells growing on glucose alone (see Table 4 for data for pWWO
APm). Therefore, we concluded that utilization of the aromatic
hydrocarbon as a carbon source is required for toluene to
affect glucose metabolism.
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Identification of master regulators involved in crossed re-
pression of the toluene and glucose degradation genes. It was
previously shown that in cells growing on glucose, the decrease
in Pu expression was mediated by the PtsN protein (3, 5) and
that a minor role could be ascribed to Crc (46). However, the
potential regulator involved in catabolite repression of glucoki-
nase was unknown. We decided to measure growth rates with
glucose and toluene (Table 2) and to determine glucokinase
activity and expression from Pu (Pu::'lacZ) in a series of iso-
genic mutants deficient in one of the global regulators involved
in catabolite repression (Crc, Crp, PtsN, RelA, and CyoB).
Isogenic mutant cells were transformed with pS10 (Pu::lacZ
xyIR), and B-galactosidase activity was determined in cells
growing on glucose in the absence and in the presence of
toluene. In agreement with previous studies, we found that
glucose had a marked effect on Pu expression in the parental
strain (Table 5). However, in the PstN-deficient background
B-galactosidase levels were slightly higher in cells growing on
glucose plus toluene than in cells growing on glucose alone
(Table 5). The repressing effect was alleviated but not entirely
eliminated in a crc mutant background (Table 5), and no major
effects on other mutations were found (not shown).

We measured glucokinase and gluconokinase activities in all
of these mutant backgrounds. As expected, we found that the
activity of gluconokinase, one of the enzymes of the gluconate
loop, was equally high regardless of the presence of toluene
(not shown). Hence, this confirms that gluconate-metabolizing
enzymes are not under catabolite repression by toluene in
KT2440. Glucokinase activity was equally high in cells of the
Crc mutant growing on glucose and in cells growing on glucose
plus toluene (Table 4), whereas in the rest of the mutants this
activity was decreased in cells growing on glucose plus toluene
(see data for PtsN in Table 4). This suggests that the effect of
toluene on glucokinase levels is mediated by the Crc protein.

DISCUSSION

Catabolite repression control refers to the ability of an or-
ganism to preferentially metabolize one carbon source over
another when both carbon sources are present in the growth
medium (3, 6, 42). Most studies of catabolite repression of the
TOL plasmid catabolic pathways by carbon sources have been
carried out with the nonmetabolizable toluene analogue
o-xylene and have concentrated on the effects of sugars, or-
ganic acids, and alcohol on the transcriptional activity of the Pu
promoter. The rationale behind such assays was to avoid the
superimposed carbon load effect that toluene might have on its
own metabolism. However, the drawback inherent in the de-
sign of such experiments was that they overlooked the poten-
tial effects of hydrocarbon metabolism on the assimilation of
other C sources. Our study involved a different experimental
setup for catabolite repression of the TOL plasmid Pu pro-
moter: two assimilable carbon sources, glucose and toluene,
were used simultaneously. Our results for the growth rates
support the conclusion that glucose and toluene are good car-
bon sources and that when cells are exposed to both these
carbon sources, cells counterbalance the amounts of total car-
bon taken up from glucose and toluene, so that cells grow at a
rate similar to that observed with glucose or toluene alone.
This set of results supports the earlier proposal that expression
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of the TOL plasmid operons is integrated into overall meta-
bolic control in P. putida (37).

The observation that the total amount of carbon used by a
microorganism is drawn from several carbon sources simulta-
neously has been reported before. Klebsiella oxytoca uses glyc-
erol and sucrose simultaneously (35), and Escherichia coli ex-
posed to limiting amounts of up to seven sugars can use all of
them simultaneously (25). We can therefore speak of crossed
catabolite repression of toluene and glucose metabolism in P.
putida. This contrasts with the stricter catabolite repression
described for other pathways. Among cases of strict catabolite
repression is the preferential use of glucose over lactose in E.
coli (23, 40, 42). This phenomenon has also been described for
the metabolism of aromatic compounds, including the control
of protocatechuate dioxygenase in Pseudomonas cepacia (52)
and the control of the enzymes for the degradation of aniline
in Pseudomonas multivorans ANI (18).

We recently showed that the early metabolism of glucose
involves three convergent pathways (Fig. 2). Our microarray
and enzymatic results support the conclusion that toluene ca-
tabolite repression of glucose metabolism was exerted on only
one of the pathways, the glucokinase branch, rather than on
the gluconate/2-ketogluconate loops. Array data indicated that
OprB porin (PP1019), the ABC glucose transport system
(PP1015 to PP1018), and the glk/edd operon were repressed in
response to the presence of toluene, whereas the catabolic
enzymes of the gluconate loops were not repressed. In agree-
ment with these transcriptional data is the finding that the
glucokinase levels in cells growing on glucose plus toluene
were lower than the levels in cells grown with glucose alone
(Table 4). The repressing effect of toluene on glucose metab-
olism was obvious in the gcd mutant, in which the only pathway
for the assimilation of glucose is the Glk pathway. In agree-
ment with repression of glk is the finding that the gcd mutant
assimilated very small amounts of glucose in the presence of
toluene (Table 2) and the finding that glucokinase activity was
repressed (Table 4), which was reflected in the pattern of '*C
labeling of glycine, serine, glutamate, and proline (Fig. 3).

Velazquez et al. (46) proposed that either 6PG or 2-dehy-
dro-3-deoxygluconate-6-phosphate could be the metabolic sig-
nal switching the Pu promoter pathway on or off. We ruled out
the possibility that 6PG is the signal since the effect was not
observed in the edd mutant. In contrast, we found evidence
supporting the conclusion that the metabolite responsible for
the effect was 2-dehydro-3-deoxygluconate-6-phosphate, since
in an eda mutant catabolite repression of Pu by glucose was
exacerbated (Fig. 4). Since the loss of ptsN rendered Pu unre-
sponsive to glucose (3, 5), as monitored by 'lacZ reporter
technology with a P. putida strain carrying the low-copy-num-
ber plasmid pS10, we suggest that PtsN/2-dehydro-3-deoxyglu-
conate-6-phosphate acts as the switcher in Pu inhibition. How
the 2-dehydro-3-deoxygluconate-6-phosphate signal is trans-
ferred to PtsN is unknown, but Cases et al. (5) showed that
PtsN inhibition required the phosphorylation of the protein at
its phospho-acceptor His68 residue. Therefore, an excess of
2-dehydro-3-deoxygluconate-6-phosphate could result in a per-
manent PtsN-P state that could, in turn, prevent XylR from
binding to its upstream activator sequences (3).

The Crc protein seems to act as the switch for the glucoki-
nase pathway, since in a crc-deficient background glucokinase
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was not repressed by toluene. This is in agreement with pre-
vious results for P. aeruginosa and P. putida (PpG2) which
suggested that Crc controlled the expression of glucose-6-
phosphate dehydrogenase, the second enzyme in the pathway
that converts glucose-6-phosphate into 6PG (6, 7). Our results
show that control of the glucokinase pathway in the presence
of aromatic hydrocarbons also requires the active metabolism
of toluene, although none of the key metabolites between
toluene and catechol seemed to act as the specific signal be-
tween toluene and catechol. At present, the nature of the
chemical signal is unknown, but it may be related to the energy
state of the cell since Crc was proposed to launch appropriate
responses based on the energy status of the cell (38).

In studies with P. putida, Rojo and colleagues showed that
Crc may exert its effect at the posttranscriptional level, at least
in the modulation of the alk system (30, 51). Our microarray
results support a transcriptional role for Crc, but whether the
effect is exerted directly by Crc or indirectly through modula-
tion of transcription of the other regulator(s) remains un-
known.

A feature that we have not overlooked is the effect of glu-
cose on the bacterial response to toluene. Dominguez-Cuevas
et al. (11) reported that exposure of P. putida cells to toluene
resulted in the upregulation of 180 genes and the downregu-
lation of 127 genes. In contrast, when glucose was present, only
50 genes were upregulated in response to toluene and only 11
genes were downregulated (Tables 3 and 4). In agreement with
the results of Dominguez-Cuevas et al. (11) was our finding
that all toluene assimilation genes were induced, but major
differences were found with regard to the induction of stress
genes. For instance, in cells growing on glucose plus toluene
the IbpA protein was the only chaperone induced, which con-
trasted with the induction of 23 shock genes with toluene
alone. This indicates that glucose metabolism alleviates the
toxic effect of toluene.

In short, our results show that KT2440 metabolizes glucose
and toluene simultaneously, as revealed by net flux analysis of
["*C]glucose. Simultaneous catabolite repression of the glu-
cokinase and TOL pathways was triggered by two different
catabolite repression systems; Pu was repressed mainly via
PtsN in response to high levels of 2-dehydro-3-deoxygluconate-
6-phosphate, whereas repression of the glucokinase pathway
was channeled through Crec.
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Suppl. Table 1. Pseudomonas putida downregulated genes in cells growing on glucose

plus toluene compared to cells grown on glucose alone.

ORF Gene | Function Fold change
PP0076 Putative glycine betaine-binding protein -2.05
PP1904 murB | UDP-N-acetylenolpyruvoylglucosamine -2.01

reductase
PP5379 copB Copper resistance protein B -2.25
-2.02
PP1206 acrD | OprD-porin D -1.92
PP2968 Putative membrane protein -2.05
PP3330 Putative outer membrane ferric siderophore -2.36
receptor
PP3582 RND efflux transporter outer membrane -2.23
protein
PP3245 Hypothetical protein -2.18
PP3480 Hypothetical protein -2.62
PP3642 Hypothetical protein -2.09
PP3963 Conserved domain protein -2.27
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Suppl. Table 2. Fold-change of genes encoding proteins for glucose metabolism in cells

growing on glucose plus toluene and glucose alone.

ORF Gene | Family Fold
change
PP1015 Sugar ABC transporter periplasmic sugar- -2.00
binding protein

PP1017 Sugar ABC transporter permease protein -2.41
PP1018 Sugar ABC transporter ATP-binding subunit -2.49
PP1010 edd 6-phosphogluconate dehydratase -1.90
PP1011 glk Glucokinase -2.09
PP1012 gltR-2 | DNA-binding response regulator GItR -1.26
PP1019 | oprB-1 | Porin B -1.42
PP1445 | oprB-2 | Porin B 1.08
PP1022 zwf-1 | Glucose-6-phosphate 1-dehydrogenase -1.07
PP1023 pal 6-phosphogluconolactonase -1.45
PP1024 eda 2-dehydro-3-deoxyphosphogluconate aldolase -1.4
PP1808 pgi-1 Glucose-6-phosphate isomerase -1.12
PP3376 kguD | 2-ketogluconate-6-phosphate reductase -1.71
PP3377 Putative 2-ketogluconate transporter -1.33
PP3378 kguK | 2-ketogluconate kinase -1.2
PP3379 kgQuE | Putative epimerase kguE -1.16
PP3380 ptxS Transcriptional regulator PtxS 1.04
PP3383 Gluconate dehydrogenase 1.05
PP3415 Transcriptional regulator Lacl family -1.04
PP3416 gnuK Gluconokinase -1.25
PP3417 gntP Gluconate transporter -1.16
PP4701 pgi-2 Glucose-6-phosphate isomerase -1.21
PP4960 fda Fructose-1,6-bisphosphate aldolase -1.04
PP5040 fbp Frutose 1,6-bisphosphatase -1.14
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I'V. Discusion general

Los primeros estudios del metabolismo de carbohidratos realizados en
bacterias del género Pseudomonas se remontan a los afios 70, y ya entonces se
determind que tenia lugar fundamentalmente a través de la ruta de Entner-Doudoroff
debido a la falta del gen que codifica la 6-fosfofructoquinasa, que impide la
utilizacion de la ruta de Embden-Meyerhof. Si comparamos el nimero de
carbohidratos que utilizan la mayoria de Pseudomonas con el de otros géneros, éste es
muy reducido (glucosa, gluconato, 2-cetogluconato, fructosa, manitol y sorbitol). El
metabolismo de todos estos carbohidratos tienen un intermediario comun, el 6-
fosfogluconato que a través de la ruta Entner-Doudoroff y por accion de las enzimas
Edd y Eda rinde gliceraldehido-3-fosfato y piruvato que son canalizadas hasta

intermediarios del ciclo de Krebs.

Blevins et al. (1975) demostraron que mutantes en el gen edd de P.
aeuriginosa PAOI1 eran incapaces de utilizar manitol, glucosa, gluconato o 2-
cetogluconato. Vicente y Canovas (1973a) aislaron mutantes en el gen edd y eda en P.
putida ATCC 12633, los cuales no utilizaban glucosa, gluconato, y 2-cetogluconato
como fuente de carbono. Posteriormente, Velazquez et al. (2004) confirmaron que
mutantes en eda de P. putida MAD2 eran incapaces de utilizar glucosa y fructosa
como unica fuente de carbono y ademas nosotros comprobamos que mutantes en edd
y eda de P. putida KT2440 tampoco consumian manitol ni sorbitol (datos no
publicados). Estos estudios confirman que las bacterias del género Pseudomonas

utilizan unicamente la ruta de Entner-Doudoroff en el catabolismo de carbohidratos.

1. Estudio del metabolismo de la glucosa en Pseudomonas putida

Se habia descrito que el metabolismo de la glucosa hasta 6-fosfogluconato en
bacterias del género Pseudomonas podia seguir dos vias excluyentes; la oxidativa, que
tiene lugar en el periplasma y transforma la glucosa en gluconato, el cual es
transportado al citoplasma y fosforilado a 6-fosfogluconato (Midgley & Dawes, 1973;
Narrod & Wood, 1956; Roberts et al., 1973) o es oxidado en el mismo periplasma a
2-cetogluconato (Matsushita & Ameyama, 1982; Matsushita et al., 1982), el cual es
transportado al interior de la célula (Lynch & Franklin, 1978; Torrontegui et al., 1976;
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Whiting et al., 1976a; Whiting et al., 1976b), fosforilado y reducido hasta 6-
fosfogluconato (Frampton & Wood, 1961; Mukadda et al., 1973; Narrod & Wood,
1956; Roberts et al., 1973). La otra via se conoce como fosforilativa y ocurre en el
citoplasma por accion de la glucoquinasa y de la glucosa-6-fosfato deshidrogenasa
dando lugar al 6-fosfogluconato (Coffee & Hu, 1970; Coffee & Hu, 1972; Eisenberg
et al., 1974; Guymon & Eagon, 1974; Hunt y Phibbs Jr, 1983; Lessie y Neidhardt,
1967; Lynch & Franklin, 1978; Midgley & Dawes, 1973; Tiwari & Campbell, 1969;
Whiting et al., 1976b; Wood & Schwerdt, 1953). Los estudios bioquimicos iniciales
del metabolismo de la glucosa hasta 6-fosfogluconato en P. putida ATCC 12633
sugerian que tenia lugar a través de la via oxidativa, siendo el lazo del 2-
cetogluconato la via principal y la fosforilacion directa del gluconato la via

minoritaria (Vicente & Céanovas 1973a).

El analisis de la secuenciacion del genoma de Pseudomonas putida KT2440
revel6 que la informacion codificada sobre el metabolismo de la glucosa no coincidia
de pleno con los estudios bioquimicos previos (Velazquez et al., 2004), ya que se
identificaron mediante andlisis de BLAST todos los genes que codificarian los
enzimas de las tres rutas. Para arrojar luz sobre el posible papel de la ruta
fosforilativa, decidimos aislar y construir mutantes de P. putida KT2440 en cada una
de las rutas potenciales, para lo que se generaron mutantes concretamente en los
genes: glk, gcd, gnuK y kguD, con ello pretendiamos vislumbrar el uso de mas de una
ruta periférica en el metabolismo inicial de la glucosa. Nuestros resultados sugieren
que P. putida KT2440 utiliza simultaneamente todas las rutas periféricas que
conducen a la sintesis del 6-fosfogluconato, y la inactivacion de cualquiera de ellas
tiene un efecto en la tasa de crecimiento (Wmax). Asi los mutantes en el lazo de la via
de la glucoquinasa y en el lazo del 2-cetogluconato crecian mucho més lento que la
cepa silvestre, indicando que cuantitativamente eran mas importantes que la
fosforilacion directa del gluconato. La presencia de estas rutas convergentes garantiza
a la cepa la utilizacion de la fuente de carbono en su nicho natural, la rizosfera de
plantas, en los que la glucosa es uno de los productos mas abundantes exudados por

las raices (Kamilova et al., 2006).
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Las enzimas del metabolismo de la glucosa, de la via del gluconato y de la
glucosa-6-fosfato son inducibles segin analisis de microarray, fusiones
transcripcionales y determinaciones enzimaticas. La glucosa induce a la glucoquinasa
y el gluconato a la gluconoquinasa. Ambas actividades presentaron un nivel basal en
células cultivadas en citrato que aument6 unas 10 veces en células cultivadas en
glucosa. Estos resultados concuerdan con el aumento de expresion de glk y gnuK en
los microarrays. Las actividades enzimaticas y los datos de transcripcion revelaron la
induccion simultanea tanto de las enzimas de la fosforilacion directa de la glucosa,
como de los lazos del gluconato y 2-cetogluconato, lo que nos llevo a proponer que P.
putida KT2440 utiliza a la vez la via oxidativa y fosforilativa para metabolizar la

glucosa.

Se realizaron analisis de flujo basados en "°C para establecer como funcionaba
y que respuesta tenian las diferentes entradas de glucosa. El andlisis de los
intermediarios metabodlicos revelaron que en el ciclo de los éacidos tricarboxilicos
(TCA) en la cepa silvestre la fraccion mayor del metabolismo consiste en el bypass
del piruvato a oxalacetato, representando una menor fraccion el que tiene lugar a
través de la malato deshidrogenasa. Esta observacion coincide con lo descrito en otras
Pseudomonas, pero contrasta con los flujos en Escherichia coli y Bacillus subtilis
(Fuhrer et al., 2005). Esto indica que en P. putida el exceso de carbono se canaliza a
través de la via del piruvato. Los andlisis de flujo revelaron que la operacion del ciclo
de TCA vy el bypass del piruvato funciona de la misma manera en los mutantes gcd y
glk, a pesar de que la cantidad total de carbono consumida en los mutantes fuese mas
baja, debido probablemente a que la tasa de crecimiento fue también més baja en los
mutantes. El analisis de flujo confirm6é que Pseudomonas putida utiliza la ruta de
Entner-Doudoroff para metabolizar la glucosa y que la ruta de las pentosas fosfato no
contribuye al metabolismo de éste aziicar como se sabia de estudios previos (Aparicio

etal., 1971).

Para entender el patron de expresion de los genes de las rutas convergentes se
analiz6 primero la localizacion fisica de los genes de las distintas rutas del
metabolismo inicial de la glucosa, luego se construyeron mutantes mediante

mutagénesis dirigida y se estudio el patrén global de expresion utilizando arrays y
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fusiones transcripcionales a ‘lacZ. Los genes de las rutas iniciales de la glucosa se
disponen formando operones, dandose combinaciones de genes que codifican las
enzimas catabdlicas, un conjunto de porinas y transportadores especificos, de manera
que se garantiza la entrada y el metabolismo del correspondiente metabolito. Asi,
OprBI seria la porina que permite la entrada de la glucosa al periplasma para después
ser transportada al interior de la célula por un sistema de transporte tipo ABC
(PP1015-PP1018). Se pueden distinguir otros cinco operones de genes del
metabolismo de la glucosa. Uno de los operones esta formado por los genes que
codifican la porina OprB-2 y la glucosa deshidrogenasa (Ged), que no se transcriben
juntos y el gen que codifica la enzima Ged no esta sujeto a represion catabodlica. El
analisis de secuencias nos llevo descubrir que en P. putida KT2440 los genes de las
enzimas de la ruta Entner-Doudoroff estan genéticamente ligados a los genes de la via
fosforilativa, asi el gen glk de la ruta de la glucoquinasa forma parte del oper6n con el
gen edd, y que el gen zwf-1 forma parte de otro operéon con el gen eda. Esta
organizacion fisica en el genoma edd/glk y zwf-1/eda explica que la ruta fosforilativa
tiene que ser operativa en P. putida porque el producto de ambos genes edd y eda son
necesarios para el metabolismo del 6-fosfogluconato hasta los intermediarios del ciclo
de Krebs. El gen hexR codifica el regulador HexR que controla la expresion del
regulon hex formado por los dos operones edd/glk y zwf-1/eda y el gen gap-1. En el
metabolismo del gluconato, hemos puesto de manifiesto el papel de GnuR que se
transcribe divergentemente a la glucoquinasa (GnuK). El gen gnuK se localiza
adyacente al gen del transportador de gluconato (GntP) y una proteina hipotética,
estos dos ultimos se transcriben formando un unico transcrito. El gen del regulador
transcripcional PtxS se transcribe conjuntamente con los genes necesarios para
metabolizar el 2-cetogluconato a 6-fosfogluconato (kguE, kguK, kguT y kguD).
Corriente debajo del gen ptxS se ha localizado una transposasa (ISPpu9) seguida de

los genes que codifican las dos subunidades de la gluconato deshidrogenasa (Gad).

2. Estudio del metabolismo de la glucosa en bacterias del género Pseudomonas

Cuando recopilamos la informacion que existia sobre el metabolismo de la

glucosa previa a la secuenciacion en las diferentes especies del género Pseudomonas

observamos que se describia que las bacterias de la especie P. aeruginosa PAO1
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metabolizaban la glucosa hasta 6-fosfogluconato a través de la via oxidativa en
condiciones de aerobiosis y de la via fosforilativa en anaerobiosis (Hunt et al., 1981;
Hunt et al., 1983), mientras que P. fluorescens A3.12 utilizaria Ginicamente la via
oxidativa (Narrod & Wood, 1955), igual que se pensaba en P. putida (Vicente &
Canovas, 1973a). Hasta el momento, en P. syringae y P. entomophila no se ha

descrito que via utilizan.

Para vislumbrar la posible utilizacién de la via fosforilativa en las diferentes
especies del género Pseudomonas, se decidio analizar si la organizacion de los genes
del metabolismo de la glucosa de P. putida KT2440 se conservaba en los genomas de
cepas de diferentes especies de Pseudomonas, a saber: P. aeruginosa PAO1 (Stover et
al., 2000), P. entomophila L48 (Vodovar et al., 2006), P. syringae DC3000 (Buell et
al., 2003) y P. fluorescens Pf-5 (Paulsen et al., 2005).

El regulon hex y su entorno genético

Los genes que codifican las enzimas de la ruta de Entner-Doudoroff
responsables del metabolismo de la glucosa a piruvato y gliceraldehido-3-fosfato
forman en P. putida parte del regulon hex, que se encuentran bajo el control del
represor HexR en P. putida KT2440 segin demostraron nuestros ensayos de
microarray y fusiones transcripcionales. El regulon hex esta formado por los genes
zwf, pgl, eda, edd, glk, gltR2 y gap. Estos genes se disponen en dos operones, uno
formado por edd/glk/gltR2, y otro, constituido por zwf/pgl/eda. Corriente arriba de
edd/glk/gltR2 y divergentemente se transcribe el gen gap-1 (Figura 1A). La misma
organizacion se repite en las otras cuatro especies de Pseudomonas, concluyéndose
que todas deben utilizar la via fosforilativa ya que la expresion de los genes edd y eda
es sine qua non para la operacion de la ruta Entner-Doudoroff. Es curioso que en
3’con respecto al operon edd/glk/gltR2 se localiza un gen que codifica una histidin
quinasa sensora (PP1013) junto con el gen que codifica una proteina hipotética
(PP1014). Acontinuacion se localiza el sistema de transporte de la glucosa tipo ABC
(gtsABCD) y el gen que codifica la porina OprB1, quedando por tanto todos los genes
del metabolismo de la glucosa agrupados. La tnica diferencia encontrada en los

genomas de las bacterias de P. aeruginosa PAO1 y P. syringae DC3000 es que no
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esta presente el gen que codifica la proteina hipotética (PP1014) de P. putida KT2440
(Figura 1A).
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Figura 1. Organizacion de los genes del regulon hex y region adyacente. La figura 1A engloba a los
genes gap-1 (PP1009), al operén edd-glk-gltR (PP1010-PP1011-PP1012), la histidin quinasa sensora
(PP1013) y la proteina hipotética (PP1014) de KT2440. En la figura 1B se representan los genes del
sistema de transporte de glucosa tipo ABC (PP1015-1018) y la porina OprB1 (PP1019) de KT2440. En
la figura 1C se representan la proteina hipotética (PP1020), el regulador transcripcional HexR
(PP1021) y el operon zwf-pgl-eda (PP1022-PP1023-PP1024) de KT2440 y en las demas especies de
Pseudomonas. Las figuras son imagenes obtenidas de www.tigr.org

El genoma de KT2440 contiene cuatro genes implicados en el sistema de
transporte de la glucosa de tipo ABC (PP1015 - PP1018) (Figura 1B), que permite a
este azlicar ser transportado a través de la membrana interna y llegar al citoplasma. En
las bacterias de la especie P. aeruginosa ATCC 15692 se le llamo sistema GBP

(Glucose Binding Protein) (Stinson et al., 1977) y se describié que un mutante en P.
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aeruginosa PAOI1 en este sistema perdia la capacidad de transportar glucosa, asi
como la respuesta quimiotactica a este azcar (Sage et al., 1996). Este sistema se
encuentra muy conservado entre las especies de Pseudomonas (Anexo 1). En 3" con
respecto a los genes del sistema de transporte, encontramos el gen de la porina OprB1
(PP1019) y una proteina hipotética conservada (PP1020), seguidos del regulador
transcripcional (hexR) (Figura 1C).

Seglin la anotacion del genoma de P. putida KT2440 y P. entomophila L48, el
gen que codifica la glucosa-6-fosfato deshidrogenasa presenta tres alelos, mientras
que en P. aeruginosa PAOI, P. syringae DC3000 y P. fluorescens Pf-5 sdlo aparecen
dos alelos (Anexo 2). El alelo zwf-1 forma parte del regulon hex en todas las especies
de Pseudomonas (Figura 1A), mientras que zwf-2 (PP4042) y zwf-3 (PP5351) estan
localizados en zonas diferentes en el genoma de KT2440 y podrian no estar
implicados en el metabolismo de la glucosa, ya que en nuestros estudios de

microarrays ni zwf-2 ni zwf-3 se indujeron en presencia de glucosa.

El operon del metabolismo del gluconato

El operon del metabolismo del gluconato no se habia descrito en
Pseudomonas, en cambio en Bacillus subtilis gracias al trabajo de Fujita et al. (1986)
se sabia que estaba compuesto por gntR, gntK, gntP y gntZ, que codifican un
regulador transcripcional negativo, gluconato quinasa, permeasa del gluconato y un
gen de funcion no conocida, respectivamente. Fujita y Fujita (1987), describieron que
GntR es un represor transcripcional del operon gnt y un mutante en este gen hacia que

el operdn se expresase de forma constitutiva.

Mas adelante se estudié el metabolismo del gluconato en E. coli y se
comprobd que estaba formado por dos loci; Gntl y Gntll. Gntl esta integrado por los
genes gntR, gntK y gntU, que codifican una proteina reguladora, gluconato quinasa y
el transportador de gluconato, respectivamente (Tong et al., 1996). El loci Gntll esta
compuesto por dos genes; gntS y gntV (Klemm et al. 1996). La expresion de gntR es
constitutiva y responsable de la induccion de los genes edd y eda de la ruta de Entner-

Doudoroff, mientras que gntkKU son inducibles por gluconato y glucosa. Tong et al.
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(1996) propusieron un modelo de induccion por gluconato, donde el gluconato se unia
a GntR desplazandolo del sitio del operador que impedia la transcripcion de gntKU

por interferir en la zona promotora.

En Pseudomonas se conocia que las especies de P. aeruginosa, P. fluorescens
y P. putida utilizaban el gluconato como fuente de carbono, el cual era transportado al
interior de la célula y fosforilado por la gluconoquinasa dando lugar a 6-
fosfogluconato que se metaboliza a través de la ruta de Entner-Doudoroff (Midgley &
Dawes, 1973; Narrod & Wood, 1956; Roberts et al., 1973). Nosotros hemos descrito
la organizacion del operdn del metabolismo del gluconato implicado también en el
metabolismo de la glucosa en KT2440 compuesto por el regulador transcripcional de
la familia Lacl (gnuR) (PP3415) que se transcribe divergentemente a los genes que
codifican la glucoquinasa (gnuK) (PP3416), el transportador de gluconato (gntP)
(PP3417) y una proteina hipotética (PP3418), estos dos ultimos genes se transcriben
formando un tnico transcrito en P. putida KT2440 (Figura 2). La organizacion génica
de KT2440 se repite en P. entomophila L48, siendo la similitud a nivel de proteina
muy alto (80 - 86 %), mientras que en las otras especies de Pseudomonas no
encontramos la proteina hipotética y la similitud entre proteinas es algo menor (79 —

67 %) (Anexo 3 y Figura 2).
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Figura 2. Representacion de los genes que codifican operon del gluconato. El regulador
transcripcional GnuR (PP3415), la gluconoquinasa (GnuK) (PP3416), el transportador de gluconato
(GntP) (PP3417) y la proteina hipotética (PP3418) en KT2440 y en las demas especies de
Pseudomonas. La figura es imagen obtenida de www.tigr.org
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El operon del metabolismo del 2-cetogluconato

El operén que codifica los genes necesarios para el metabolismo del 2-
cetogluconato en P. aeruginosa PAOI fue descrito por Swanson et al. (2000a). Esta
formado por el gen ptxS, junto a los genes que codifican la 2-cetogluconato epimerasa
(kguE), 2-cetogluconato quinasa (kguK), el transportador de 2-cetogluconato (kguT) y
2-cetogluconato-6-fosfato reductasa (kguD). Nosotros hemos encontrado que este
operon en P. putida KT2440 y P. fluorescens Pf-5 conserva la misma organizacion
(Figura 3A) y una alta similitud (86 — 63 %) (Anexo 4), pero estos genes no estan
presentes en los genomas de P. entomophila L48 y P. syringae DC3000, por tanto
estas dos especies deben haber perdido la capacidad de metabolizar el 2-

cetogluconato.

En el genoma de KT2440, corriente debajo del gen ptxS se localiz6 una
transposasa (ISPpu9) (Ramos-Gonzalez et al., 2006) (PP3381) seguida de dos genes
que codifican las subunidades de la gluconato deshidrogenasa (Gad) (PP3382-
PP3383) y una proteina hipotética (PP3384) que también se regula por PtxS (Figura
3B). La transposasa tiene una similitud del 96 % con los genes PP1133, PP1260,
PP3381, PP3586, PP4603 y PP4791, y esta transposasa no se encuentra en las otras
Pseudomonas (Ramos-Gonzalez et al., 2006). Las bacterias del género P. aeruginosa
PAOLI tienen los genes que codifican la proteina hipotética y las dos unidades de la
gluconato deshidrogenasa (Gad) corriente abajo del gen kguD, mientras que en P.
fluorescens Pf-5 se encuentran en otra localizacion diferente del genoma (Figura 3B).
En los genomas de P. entomophila L48 y P. syringae DC3000 tampoco se encuentran

los genes que codifican la gluconato deshidrogenasa.
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Figura 3. Representacion de los genes del metabolismo del 2-cetogluconato. En la figura 3A se
representan los genes que codifican la transposasa ISPpu9 (PP3381), el regulador transcripcional PtxS
(PP3380), la 2-cetogluconato epimerasa (KguE) (PP3379), la 2-cetogluconato quinasa (KguK)
(PP3378), el transportador de 2-cetogluconato (KguT) (PP3377), la 2-cetogluconato-6-fosfato
reductasa (KguD) (PP3376) en KT2440 y la organizacion del mismo operén en P. fluorescens Pf-5 y P.
aeruginosa PAOL. En la figura 3B se representan al gen que codifica la proteina hipotética (PP3384)
junto al gen de la gluconato deshidrogenasa (Gad) (PP3383) y el gen de la gluconato deshidrogenasa
citocromo ¢ (PP3382) de KT2440 y en las especies de P. fluorescens Pf-5 y P. aeruginosa PAO1. Las
figuras son imagenes obtenidas de www.tigr.org

3. Reguladores del metabolismo de la glucosa en bacterias del género

Pseudomonas

El regulador GItR

El gen que codifica gltR es homologo a los reguladores de respuesta a dos
componentes y estd implicado en la expresion del sistema de transporte activo en
Pseudomonas aeruginosa PAO1 (Sage et al., 1996). Corriente abajo del gen gItR se
encuentra un gen que codifica una sensor histidin quinasa tipica de la familia de
reguladores OmpR, pero si el correspondiente producto génico participa o no en el
metabolismo de la glucosa no se conoce todavia. Una mutacion del gen gltR2 dio
lugar a la pérdida de transporte de glucosa en P. aeruginosa PAOI1, donde este
regulador controla la expresion de la porina OprD, que es especifica de glucosa y al
gen gItB que esta implicado en el transporte activo de glucosa (Sage et al., 1996). Esta
misma organizacion se encuentra en las demas especies de Pseudomonas. Nuestros

estudios con fusiones transcripcionales del promotor del gen gtsA a “lacZ en KT2440
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mostraron que GItR2 controla la expresion del sistema de transporte de glucosa
(gtsABCD). También se determino el punto de inicio de la transcripcion del gen gtsA

que se encuentra a 96 pb del ATG del gen.

El regulador GnuR

Nuestros resultados de transcriptomica sugieren que la proteina GnuR controla
la transcripcion de GnuK y al transportador de gluconato. Se determind el punto de
inicio de la transcripcion del gen gnuR que se encuentra a 37 pb del ATG del gen y en
el caso de gnuK a 151 pb de su ATG. Curiosamente, la secuencia -10 de gnuK solapa
en 5 nucledtidos con la secuencia -10 de gnuR. Ademas encontramos una secuencia
palindrémica (5'-GTCCATACTGCGTAAGGAC-3") situada entre +59 y +77 del
promotor gnukK a la que el regulador GnuR podria unirse para controlar la

transcripcion del gen gnuK.

El regulador PtxS

En P. aeruginosa, el gen ptxS que codifica un represor transcripcional de la
familia GalR-Lacl, interviene induciendo la sintesis de exotoxina A, junto con la
proteina PtxR, la cual pertenece a la familia LysR de activadores transcripcionales.
Swanson et al. (1999), describieron que en P. aeruginosa PAOI1, el gen ptxS se
transcribia divergentemente al gen ptxR. Aunque el mecanismo de regulacion de la
expresion de ambos genes no se conoce (Swanson et al., 2000a). El gen ptxS forma
parte del operon de utilizacion del 2-cetogluconato en P. aeruginosa PAOL1 junto a
KgQUEKTD (Swanson et al., 2000a). Utilizando la técnica de analisis de la huella
dactilar (footprinting), Swanson et al. (2000b) determinaron que PtxS se unia a una
region palindromica corriente arriba del gen ptxS, dando lugar a su autorregulacion
(OP1). Posteriormente estos autores también demostraron que la proteina PtxS, se
unia a otro operador (OP2) corriente abajo del gen ptxS controlando asi al resto de
genes del operdn. La secuencia palindromica es: 5'- TGAAACCGGTTTCA- 3°. El 2-
cetogluconato inhibe la unidon de PtxS a OP2 mas eficientemente que PtxS a OP1 en

P. aeruginosa PAOI1.
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Nuestros estudios in silico en KT2440 revelaron que existe la misma
secuencia palindromica en la region promotora de ptxS y del operon kgu, asi como en
la region promotora del gen que codifica la proteina hipotética (PP3384) que forma
operdn con los dos genes adyacentes que codifican la gluconato deshidrogenasa. Por
tanto, proponemos que el regulador PtxS se une a estos operadores y controla a los
dos operones y su propia sintesis. Cuando determinamos el punto de iniciacion de la
transcripcion de ptxS y KguE observamos que la secuencia palindromica solapaba con

la+1 en el caso de ptxSy con la -10 en el caso de kguE.

El regulador HexR

La proteina HexR en P. aeruginosa controla la expresion de todas las enzimas
del regulén hex por union a secuencias especificas en un conjunto de promotores. La
inactivacion del gen hexR por insercion de un casete de resistencia a gentamicina en el
cromosoma, dio lugar a la expresion constitutiva del regulon hex (Hager et al. 2000).
Nuestros resultados de microarray y las fusiones transcripcionales del promotor del
gen zwf a lacZ mostraron que el regulador HexR controla la expresion de los genes
gap-1, edd, glk, gltR2, zwf-1, pgl, eda. Cuando determinamos el punto de inicio de la
transcripcion para los genes gap-1, edd, zwf-1 y hexR, observamos que el motivo de
reconocimiento del represor (5'-GntTtTaN;; TAAAA-C -3") solapaba con los sitios de
union de la ARN polimerasa en los promotores de gap-1, edd, zwf-1, lo cual explica

como el regulador HexR controla la transcripcion de los genes mencionados.

En resumen, se puede decir que en la cepa bajo estudio en este trabajo de Tesis
Doctoral, Pseudomonas putida KT2440, utiliza tres rutas periféricas para metabolizar
la glucosa hasta 6-fosfogluconato, las cuales se encuentran organizadas en clusters en
el genoma de la cepa. La expresion concertada de las rutas implica un juego de
represores y activadores que responden a glucosa y que permiten la expresion
simultanea de las rutas. Hemos establecido que la ruta fosforilativa se encuentra bajo
el control catabolico cuando la cepa crece simultdineamente con glucosa y tolueno. La
informacion de este estudio se ha ampliado mediante analisis in silico a otras especies
del género Pseudomonas, cuyos genomas estaban secuenciados. El estudio revelo que

el regulon hex, su entorno genético y el operon del metabolismo del gluconato de P.
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putida se conservan en P. entomophila, P. aeruginosa, P. syringae y P. fluorescens,
mientras que el operén del metabolismo del 2-cetogluconato solo estd presente en P.
aeruginosa y P. fluorescens. Proponemos que P. aeruginosa y P. fluorescens guarden
un comportamiento similar a P. putida respecto a la utilizacion de las tres rutas
periféricas, mientras que las demads especies utilizarian solo la via fosforilativa y la via
del gluconato. El anélisis sistematico de mutantes en cepas de esas especies debe

arrojar luz experimental sobre esta propuesta.
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En los anexos 1 a 4 se presenta la identidad y la similitud que tienen las proteinas de
las especies P. entomophila L48, P. fluorescens Pf-5, P. syringae DC3000 y P.
aeruginosa PAOI1 frente a la proteina correspondiente en P. putida KT2440.

Anexo 1. Reguldn hex y su entorno genético

Especie Localizacion % % Longitud
Identidad Similitud  del gen
(pb)
KT 2440 Gap-1 PP1009 1002
P. entomophila L48 PSEEN4418 90,7 94,3 1002
P. fluorescens Pf-5 PFL4623 85,0 98,2 1005
P. syringae DC3000 PSPTO1287 83,4 88,6 1002
P. aeruginosa PAO1 PA3195 73,2 83,4 1005
Especie Localizacion % % Longitud del
Identidad ~ Similitud gen (pb)
KT2440 Edd PP1010 1827
P. entomophila L48 PSEEN4417 91,1 95,4 1827
P. fluorescens Pf-5 PFL4622 84,2 89,8 1827
P. syringae DC3000 PSPTO1288 85,7 92,4 1827
P. aeruginosa PAO1 PA3194 76,0 86,6 1827
Especie Localizacion % % Longitud del
Identidad ~ Similitud gen (pb)
KT2440 Glk PP1011 960
P. entomophila L48 PSEEN4416 85,2 88,7 957
P. fluorescens Pf-5 PFL4621 66,8 76,9 957
P. syringae DC3000 PSPTO1284 60,8 73,1 966
P. aeruginosa PAO1 PA3193 52,4 64,4 996
Especie Localizacion % % Longitud
Identidad  Similitud del gen (pb)
KT2440 GItR2 PP1012 726
P. entomophila L48 PSEEN4415 92,9 97,1 723
P. fluorescens Pf-5 PFL4620 83,1 89,9 732
P. syringae DC3000 PSPTO1283 83,5 87,8 738
P. aeruginosa PAO1 PA3192 79,7 85,7 729
Especie Localizacion % % Longitud del
Identidad Similitud gen (pb)
KT2440 PP1013 1455
P. entomophila L48 PSEEN4414 71,3 74,8 1455
P. fluorescens Pf-5 PFL4619 66,5 73,2 1428
P. syringae DC3000 PSPTO1291 63,9 72,3 1407
P. aeruginosa PAO1 PA3191 61,5 71,3 1422
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Especie Localizacion % % Longitud del
Identidad Similitud gen (pb)
KT2440 PP1014 1251
P. entomophila L48 PSEEN4413 60,7 70,1 1218
P. fluorescens Pf-5 PFL 4618 58,5 68,4 1260
Especie Localizacion % % Longitud del
Identidad Similitud gen (pb)
KT2440 PP1015 1287
P. entomophila L48 PSEEN4412 89,9 91,9 1287
P. fluorescens Pf-5 PFL 4617 77,3 83,4 1293
P. syringae DC3000 PSPTO1292 84,5 88,9 1287
P. aeruginosa PAO1 PA3190 62,3 72,4 1263
Especie Localizacion % % Longitud del
Identidad Similitud gen (pb)
KT2440 PP1016 909
P. entomophila L48 PSEEN4411 86,7 88,7 909
P. fluorescens Pf-5 PFL 4616 78,1 83,4 945
P. syringae DC3000 PSPTO1293 80,7 86,0 909
P. aeruginosa PAO1 PA3189 75,7 82,4 933
Especie Localizacion % % Longitud del
Identidad Similitud gen (pb)
KT2440 PP1017 846
P. entomophila L48 PSEEN4410 77,6 79,4 846
P. fluorescens Pf-5 PFL 4615 71,5 77,9 846
P. syringae DC3000 PSPTO1294 74,0 79,7 846
P. aeruginosa PAO1 PA3188 69,3 76,6 846
Especie Localizacion % % Longitud del
Identidad Similitud gen (pb)
KT2440 PP1018 1155
P. entomophila L48 PSEEN4409 91,4 95,1 1149
P. fluorescens Pf-5 PFL 4614 85,0 89,4 1161
P. syringae DC3000 PSPTO1295 84,8 91,6 1161
P. aeruginosa PAO1 PA3187 80,8 88,5 1161
Especie Localizacion % % Longitud
Identidad Similitud del gen (pb)
KT2440 OprB1 PP1019 1344
P. entomophila L48 PSEEN4408 93,7 95,1 1344
P. fluorescens Pf-5 PFL 4613 70,1 82,2 1350
P. syringae DC3000 PSPTO1296 78,7 87,7 1362
P. aeruginosa PAO1 PA3186 80,7 88,4 1365
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Especie Localizacion % % Longitud del
Identidad Similitud gen (pb)
KT2440 PP1020 855
P. entomophila L48  PSEEN4407 96,1 98,2 855
P. fluorescens Pf-5 PFL 4612 72,1 82,9 855
P. syringae DC3000 PSPTO1298 72,1 82,5 876
P. aeruginosa PAO1 PA3185 49,3 65,5 852
Especie Localizacion % % Longitud
Identidad  Similitud del gen (pb)
KT2440 HexR PP1021 873
P. entomophila L48 PSEEN4406 93,8 94,1 873
P. fluorescens Pf-5 PFL 4611 86,1 90,9 870
P. syringae DC3000 PSPTO 1299 87,4 91,3 867
P. aeruginosa PAO1 PA3184 78,9 87,7 870
Especie Localizacion % % Longitud
Identidad  Similitud del gen (pb)
KT2440 Zwf-1 PP1022 1470
P. entomophila L48 PSEEN4405 88,8 91,8 1470
P. fluorescens Pf-5 PFL 4610 79,8 86,7 1470
P. syringae DC3000 PSPTO 1300 78,7 85,5 1470
P. aeruginosa PAO1 PA3183 72,5 81,6 1470
Especie Localizacion % % Longitud
Identidad ~ Similitud del gen (pb)
KT2440 Pgl PP1023 729
P. entomophila L48 PSEEN4404 74,0 77,3 729
P. fluorescens Pf-5 PFL 4609 59,9 68,4 714
P. syringae DC3000 PSPTO 1301 58,6 70,5 714
P. aeruginosa PAO1 PA3182 59,2 68,5 717
Especie Localizacion % % Longitud
Identidad  Similitud del gen (pb)
KT2440 Eda PP1024 681
P. entomophila L48 PSEEN4403 96,9 98,2 675
P. fluorescens Pf-5 PFL 4608 76,9 87,5 666
P. syringae DC3000 PSPTO 1302 71,4 86,2 675
P. aeruginosa PAO1 PA3181 64,1 79,4 663
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Anexo 2. Glucosa-6-fosfato deshidrogenasa: Zwf-2 y Zwf-3.

Especie Localizacion % % Longitud
Identidad ~ Similitud del gen (pb)
KT2440 Zwf-2 PP4042 1506
P. entomophila L48 PSEEN1940 92,2 94,4 1497
P. fluorescens Pf-5 PFL 3143 75,0 82,8 1518
P. syringae DC3000 PSPTO3121 75,2 83,4 1533
Especie Localizacion % % Longitud
Identidad  Similitud del gen (pb)
KT2440 Zwf-3 PP5351 1458
P. entomophila L48 PSEENS5500 89,9 94,2 1458
P. aeruginosa PAO1 PA5439 70,9 81,8 1467
Anexo 3. Operon del metabolismo del gluconato
Especie Localizacion % % Longitud
Identidad  Similitud del gen (pb)
KT2440 GnuR PP3415 1020
P. entomophila L48 PSEEN2422 75,3 80,5 1020
P. fluorescens Pf-5 PFL4581 55,8 67,7 1032
P. syringae DC3000 PSPTO3563 60,5 71,5 1017
P. aeruginosa PAO1 PA2320 57,6 70,4 1032
Especie Localizacion % % Longitud
Identidad  Similitud del gen (pb)
KT2440 GnuK PP3416 540
P. entomophila L48 PSEEN2421 78,2 84,4 540
P. fluorescens Pf-5 PFL4580 62,3 72,6 534
P. syringae DC3000 PSPTO3564 60,8 67,7 489
P. aeruginosa PAO1 PA2321 63,5 72,9 522
Especie Localizacion % % Longitud
Identidad  Similitud del gen (pb)
KT2440 GntP PP3417 1353
P. entomophila L48 PSEEN2420 82,1 84,7 1353
P. fluorescens Pf-5 PFL4579 69,0 77,8 1353
P. syringae DC3000 PSPTO3565 72,8 79,9 1353
P. aeruginosa PAO1 PA2322 68,6 77,5 1353

98



Especie Localizacion % % Longitud del
Identidad Similitud gen (pb)
KT2440 PP4041 1881
P. entomophila L48 PSEEN1941 84,8 91,3 1797
P. syringae DC3000 PSPTO3119 65,7 78,2 1818
Anexo 4. Operdn del metabolismo del 2-cetogluconato
Especie Localizacion % % Longitud
Identidad  Similitud del gen (pb)
KT2440 KguD PP3376 963
P. fluorescens Pf-5 PFL2717 63,3 75,2 987
P. aeruginosa PAO1 PA2263 66,6 75,4 987
Especie Localizacion % % Longitud
Identidad  Similitud del gen (pb)
KT2440 KguT PP3377 1293
P. fluorescens Pf-5 PFL2718 77,4 84,7 1290
P. aeruginosa PAO1 PA2262 81,2 86,9 1308
Especie Localizacion % % Longitud
Identidad  Similitud del gen (pb)
KT2440 KguK PP3378 951
P. fluorescens Pf-5 PFL2719 68,4 76,5 963
P. aeruginosa PAO1 PA2261 68,7 75,9 951
Especie Localizacion % % Longitud
Identidad  Similitud del gen (pb)
KT2440 KguE PP3379 780
P. fluorescens Pf-5 PFL2720 55,4 65,0 810
P. aeruginosa PAO1 PA2260 54,5 63,5 783
Especie Localizacion % % Longitud
Identidad  Similitud del gen (pb)
KT2440 PtxS PP3380 1020
P. fluorescens Pf-5 PFL2717 68,5 78,3 1017
P. aeruginosa PAO1 PA2263 73,8 84,3 1023
Especie Localizacion % % Longitud
Identidad  Similitud del gen (pb)
KT2440 Gad PP3382 1254
cytc
P. fluorescens Pf-5 PFLO0055 82,0 89,7 1305
P. aeruginosa PAO1 PA2266 76,4 86,9 1320
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Especie Localizacion % % Longitud
Identidad  Similitud del gen (pb)

KT2440 Gad PP3383 1787

P. fluorescens Pf-5 PFL2717 84,7 90,9 1785

P. aeruginosa PAO1 PA2263 72,7 82,8 1776

Especie Localizacion % % Longitud del

Identidad Similitud gen (pb)

KT2440 PP3384 741

P. fluorescens Pf-5 PFL0053 60,2 68,9 756

P. aeruginosa PAO1 PA2264 51,0 62,9 717
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V. Conclusiones

El conjunto de resultados obtenidos a lo largo de esta Tesis Doctoral nos ha permitido

establecer las siguientes conclusiones:

1. El catabolismo de la glucosa en la cepa Pseudomonas putida KT2440 tiene lugar a
través de tres rutas (glucoquinasa, gluconato quinasa y el lazo del 2-cetogluconato),
que convergen a nivel del 6-fosfogluconato y que funcionan simultaneamente. El lazo
del 2-cetogluconato y la ruta de la glucoquinasa son mayoritarias con respecto a la

fosforilacion directa del gluconato.

2. Las enzimas de las tres rutas periféricas de asimilacion de glucosa son inducibles
por éste azucar, tal y como revelan los analisis de microarrays a nivel transcriptomico

global, asi como la determinacion de las correspondientes actividades enzimaticas.

3. Cuando la glucosa es la tnica fuente de carbono el andlisis de flujo demostré que el

malato del ciclo de Krebs se canaliza a través de piruvato a oxalacetato.

4. Se ha identificado que el activador transcripcional GItR2 controla la expresion del
gen de una de las porinas (OprB-1) de entrada de glucosa al periplasma y la expresion

del sistema de transporte de la glucosa al citoplasma, denominado GtsABCD.

5. El regulador HexR controla los genes de la via fosforilativa glk/zwf-1 y de la ruta
de Entner-Doudoroff edd/eda que se encuentran formando dos operones (glk/edd y
zwf/plg/eda), asi como la expresion del gen gap-1 que codifica la gliceraldehido-3-

fosfato deshidrogenasa.

6. Se ha identificado un represor implicado en el metabolismo del 2-cetogluconato,
PtxS, que controla la expresion de los genes que codifican las enzimas responsables
de la oxidacion del gluconato a 2-cetogluconato, su transporte y metabolismo hasta 6-
fosfogluconato. Este regulador también controla un conjunto de genes no relacionados

con el metabolismo de la glucosa.

7. Se ha identificado un represor implicado en el metabolismo del gluconato, GnuR,

que responde especificamente a éste y controla su transporte y fosforilacion.
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V. Conclusiones

8. El conjunto de reguladores HexR, GItR2, PtxS y GnuR garantizan la canalizacion

simultanea de la glucosa a través de tres vias que convergen a nivel del 6PG.

9. P. putida KT2440 portando el plasmido pWWO metaboliza glucosa y tolueno
simultaneamente como revela nuestros estudios fisiologicos y el analisis de flujo de la

glucosa marcada con "°C.

10. Los estudios de transcriptomica y las medidas de actividades enzimaticas
realizadas en P. putida KT2440 (pWWO0) en respuesta a glucosa y tolueno
demostraron que el tolueno reducia la expresion de los genes de la via fosforilativa,

mientras que la expresion de los genes de la ruta oxidativa no se afectaba.

11. La represion catabodlica simultanea de la glucoquinasa y la ruta TOL se disparan
por dos sistemas diferentes de represion catabdlica: Pu es reprimido via PtsN en
respuesta a los altos niveles de 2-ceto-3-deoxi-6-fosfogluconato, mientras la represion

de la ruta glucoquinasa se canaliza a través de la proteina Crc.
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