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REGULACION DE LA GLUTAMINASA A DE Rhizobium etli
Y SU PAPEL EN LA INTERACCION DEL METABOLISMO
DEL CARBONO Y DEL NITROGENO.

RESUMEN

En Rhizobium etli la asimilacion de amonio y la sintesis de glutamina se
llevan a cabo a través de la via de la glutamina sintetasa-glutamato sintasa
(GS-GOGAT). La glutamina es degradada por diferentes enzimas, entre ellas las
glutaminasas A y B, lo que origina un ciclo de sintesis y degradacion
simultanea de glutamina, cuyo Unico significado aparente e¢s el gasto de ATP y
de poder reductor. La glutaminasa A €s una enzima con una alta capacidad
catalitica, es indispensable para utilizar a la glutamina como fuente de carbono
¥ participa en mantener el balance intracelular <e los donadores universales de
nitrogeno (glutamina y glutamato).

El ciclaje de la glutamina representa un modelo de regulacion metabdlica
muy atractivo, por lo que nos interesd conocer los mecanismos regulatorios a
nivel transcripcional y posttraduccional que operan sobre la glutaminasa Ay
determinar su papel en la interaccion del metabolismo del carbono y del
nitrogeno.

Para tales propésitos, llevamos a cabo la caracterizacion molecular -del
gen glsA que codifica para la glutaminasa A, su clonacién en vehiculos: de
expresion y la purificacion de la enzima. .; :

Para evaluar la regulacion a nivel transcripcional de la glutaminasa A se.
llevaron a cabo fusiones transcripcionales de la region promotora de gisA' y el
cassette transcripcional widA2-aad (del plasmido pWMS). . .

Por otro lado, se purifico a homogeneidad la glutaminasa A y se
determinaron sus parametros cinéticos y bioquimicos, asi como la influencia de

moduladores alostéricos sobre su actividad enzimatica.




El gen gisA que complementa a la mutante LM16 (sin actividad de
glutaminasa A), consta de 927 nucledtidos que codifican para una proteina de
309 aminoacidos. La secuencia de la proteina deducida presento alta identidad
con las glutaminasas A y B de Escherichia coli (53 y 43% respectivamente).

Los niveles de expresion de gisA varian dependiendo de las condiciones
de crecimiento y de la fuente de carbono proporcionada. La maxima expresion
de glsA se observa durante la fase exponencial de crecimiento, la cual
disminuye durante la estacionaria, en paralelo con la actividad enzimatica de
glutaminasa A. La glutamina induce la expresion de glsA.

La glutaminasa A presenta una Km de 1.5 mM por glutamina, una Vvmax
de 80 umoles de amonio min't mgP-1, no se inhibe por glutamato, se activa por
amonio y la carga enecrgética de la bacteria parece no influir en su actividad. El
oxaloacetato y el glioxilato la modulan positivamente,
oxoglutarato

micntras que el 2-
y el piruvato la modulan negativamente. Las actividades
enzimaticas de GS y glutaminasa A se presentan de manera simultanea
durante cl crecimiento bacteriano puesto que sus mecanismos de control no
son reciprocos.

La sobreexpresion de la glutaminasa A aumenta la actividad de la GS y
ejerce una influencia negativa en el crecimiento bacteriano, probablemente al
incrementar la velocidad del ciclaje de la glutamina con su respectivo gasto de
ATP y de poder reductor.

Proponemos al ciclaje como un mecanismo que permite a la bacteria
direccionar el flujo metabolico hacia la utilizacién de fuentes alternativas de
carbono (aminoacidos, glutamina en especial), cuando otras fuentes de carbono
no estan disponibles o son limitantes. Cuando la fuente de carbono no es
limitante, el ciclaje permitiria redireccionar el flujo metabdlico hacia
biosintesis

la
de aminoacidos u otros metabolitos nitrogenados a partir de
glutamato y glutamina.
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Rhizobium etli GLUTAMINASE A REGULATION
AND ITS ROLE IN THE INTERACTION OF
CARBON AND NITROGEN METABOLISM.

SUMMARY

In Rhizobium etli ammonium assimilation and glutamine biosynthesis
proceeds mainly through the glutamine synthetase-glutamate synthase (GS-
GOGAT)} pathway. Glutamine is degraded by different enzymes, among them
glutaminases A and B, which originates an ATP-consuming cycle of glutamine
synthesis and simultancous degradation.

Glutaminase A has the highest glutamine-degrading activity, playing a
catabolic role in the degradation of glutamine to carbon skeletons. It also
maintains the optimal intracellular balance of the nitrogen universal donors
{glutamine and glutamate).

Glutamine cycling represents a very attractive model of metabolic
regulation. We were interested in determining glutaminase A transcriptional
and posttranslational regulation mechanisms and in determining its role in the
interaction between carbon and nitrogen metabolism.

Here, we characterized the glsA gene, encoding glutaminase A and we
expressed the gene in E. coli and R. etli strains. o ]

To evaluate glsA transcriptional regulation, we constr'ucted
transcriptional fusions using the widAZ-aad cassctte (pWMS) and the glsA
promoter. . PR

On the other hand, glutaminase A was purified to homogehcit_v; by
recombinant methods and its kinetic and biochemical parameters. were
determined, as well as the influence of allosteric modulators.




glsA gene complements LM16 mutant which lacks glutaminase A activity
and predicts a 309 amino acid protein showing high similarity to glutaminases
A and B from Escherichia coli (53 and 43% identity respectively).

The expression levels of gisA change depending on growth conditions and
carbon source quality. The highest glsA expression observed during exponential
growth phase decreases during stationary phase in parallel with giutaminase A
activity. Glutamine induces gisA expression.

Glutaminase A shows a Kin for glutamine of 1.5 mM and a Vmax of 80

pumol ammonium min-' mgP'; it is not inhibited by glutamate, is activated by

ammonium and the cnergetic charge of bacteria seems not to influence its
activity. Oxaloacetate and glyoxilate modulate activity positively, whereas 2-
oxoglutarate and pyruvate modulate it negatively. The enzymatic activities of
both GS and glutaminase A are present simultancously during bacterial growth
since their control mechanisms are not reciprocal.

Glutaminase A overexpression causes an increment in GS activity and a

dramatic decrease in bacterial growth, which could be due to increase in
glutamine cycling and the concomitant ATP expense.

We propose glutamine cycling as a mechanism that allows bacteria to
direct their metabolic flow towards the use of alternative carbon sources (amino
acids, specifically glutamine), when other sources are not available or are
limiting. When carbon source is not limiting, glutamine cycling would allow to
redirect metabolic flow towards the biosynthesis of amino acids or other
nitrogen compounds from glutamate or glutamine.
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INTRODUCCION

R. etli ¢es una bacteria Gram-negativa, aerobia, en forma de bacilo. Se
considera dentro del grupe de Rhizobia de crecimiento rapido. Habita el suclo
cn vida libre y puede fijar nitrégenc en simbiosis con la leguminosa Phaseolus
vulgaris (frijol}, lo que representa un gran interés biotecnologico para nuestro
pais (Lopez ¥y Quintero, 1987).

La glutamina e¢s el producto final de la asimilacion de amonio, tiene un
papel central en ¢l metabolismo nitrogenado en microorganismos, Yy es
considerada junto con el glutamato los donadores universales de nitrégeno (Fig.
1). Sus grupos amino y amido son donados para una gran variedad de vias
biosintéticas (Staduman, 1973); ademas se ha propuesto a la glutamina como
correpresor del catabolismo nitrogenado, ya que su concentracién determina I
utilizacion del nitrogeno del medio, y la velocidad de sintesis y degradacion del
nitréogeno celular,

En E. coli, la disponibilidad de amonio y de carbono se reflgia en la
concentracion de glutamina y 2-oxoglutarato intracelular, respectivamente, lo
que regula la actividad de la glutamina-sintetasa (GS) mediante una cascada de
reacciones que culmina con la modificacién covalente de la enzima. En

resumen, las reacciones enzimaticas que llevan a la inactivacién de la GS

(mediante adenilacion) se estimulan por glutamina y se inhiben por 2-
oxoglutarato, mientras que las reacciones que reactivan a la GS

(desadenilacién) se inhiben por glutamina y se estimulan por 2-oxoglutarato
(Halpern, 1988),

En Saccharomyces cerevisiae, la concentracion intracelular de glutamina
modula la actividad de las TOR-cinasas (TOR1 y TOR2 fosfatidilinositol-
cinasas), las cuales activan el crecimiento celular en respuesta a disponibilidad
de nutrientes. Dichas TOR-cinasas actuan sobre activadores transcripcionales
entre los quc se encuentran GLN3, RTG1 y RTG3, involucrados en la expresion

de los genes que codifican para la sintesis de glutamina y enzimas del ciclo de
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Krebs y del ciclo del glioxilato, respectivamente. En presencia de glutamina,
GLN3 y RTG1/3 son fosforilados por TOR e inactivados, mientras que cuando Ia
concentracién de glutamina baja, se defosforilan y se translocan al nutcleo,
donde activan la transcripcion de sus genes blanco. El control que cjerce la
glutamina sobre los activadores RTG's via TOR, sugiere una relacion
importante de la glutamina y el metabolismo del carboro.

Debido al papel que juega la glutamina como precursor de los
compuestos nitrogenados y como modulador del catabolismo del nitrogeno, su
biosintesis y degradacion debe estar altamente regulada, a fin de mantener la
concentracion intracelular necesaria para cubrir las necesidades biosintéticas

sin tener un efecto represor en el metabolismo (Soberon & Gonzalez, 1987).
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Fig. 1. La glutamina como donadora de nitrégeno.
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Las glutaminasas

Las glutaminasas (L-glutamina-amidohidrolasas EC 3.5.1.2) son enzimas
que catalizan la desamidacién hidrolitica de la glutamina, dando como
productos glutamato y amonio.

Las glutaminasas se han encontrado en varios sistemas biologicos:
mamiferos, hongos, levaduras y bacterias (Calderon & Martinez, 1993;
Curthoys. 1976; Duran & Calderéon, 1995; Hartman & McGrath, 1973; Heini et
al, 1987; Kvamme et al, 1991; Marquez, 1994; Nelson et al, 1992; Shapiro et al,
1991; Swierczynski et al, 1993).

En mamiferos, se han estudiado dos isoenzimas que presentan variacion
tanto en su distribucion en ¢l organismo, como en su regulacion. La
glutaminasa L, se encuentra unicamente en higado de adultos y se caracteriza
por una Km por glutamina elevada, es fosfato-dependiente, se activa por
amonio y no se inhibe por glutamato. La glutaminasa K, se encuentra en todos
los tejidos que contienen actividad de glutaminasa (rifién, cerebro, musculo,
intestino delgado, tejidos fetales, tumores), tiene alta afinidad por glutamina,
baja afinidad por fosfato (fosfato-independiente) y es inhibida por glutamato. Se
ha propuesto que las glutaminasas en los diferentes tejidos son importantes
para regular las concentraciones de glutamina, glutamato y amonio (Smith &
Watford, 1990; Nelson et al, 1992; Nissim et al, 1992; Prusiner & Stadtman,
1973; Bradford & Ward, 1976; Swierczynski et al, 1993; Marquez, 1994). En
higado, la glutamina es precursor de la sintesis de glucosa y urea; en el
cerehro, ¢l amonio es toxico aun en bajas concentraciones, por lo que la
glutaminasa esta altamente regulada; en rindn, el pH se regula a través de las
concentraciones de amonio, en casos de acidosis, la glutaminasa se activa y
regula inmediatamente el pH; en intestino, musculo esquelético y cardiaco, asi
como en la proliferacion de células tumorales, se ha propuesto que la
degradacion de la glutamina por la glutaminasa es importante para utilizarla

como fuente de carbono. Estudios recientes han dado luz respecto a la
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organizacion ‘genomica y regulaciéon transcripcional ‘de’las glutaminasas cn
hﬁnlano. La 'glut.’;xminasa L se cncuentrﬁ7"co'd’ii'iézidat en el cromosoma 12,
mientras que la gilutaminasa K se localiza en el érombsplﬁé\ 2 (Pércz-Géméz ct
al, 2003). : i i

aminasa A, con un pH
optimo de 5, cuya actividad varia (lepcndiendo;dé:vlz‘i",fase‘ de'crecimiento y de la

En E. coli, se encuentran dos isoenzimas: la’ gl

concentracion de amonio, se regula por AMP cicliéb y metabolitos nitrogenados;
y la glutaminasa B, que es activa a pH 7, né présenta variacion durante las
fases de crecimiento y se regula alostéricamente por nucledtidos de adenina,
cationes divalentes y acidos carboxilicos (Halpern, 1988; Prusiner & Stadtman,
1973).

En Bacillus licheniformis se¢ ha reportado actividad de glutaminasa y la
existencia de dos isoenzimas: una con un pH optimo de 7, constitutiva, y¥ oura
con un pH éptimo de 9, inducible y reprimida por glucosa (Willinm et al, 1981).
En B. pasteurii se ha descrito la purificacién y caracterizacion de una
glutaminasa activada por fosfato (Klein et al, 2002).

En bacterias marinas como Micrococus luteus K-3, Pseucdomonas
Sluorescens, Vibrio cholerae y V. costicola, sec ha descrito la existencia de
glutaminasas tolerantes a altas concentraciones de sal, las cuales pueden ser
de utilidad en la industria alimentaria, para la produccion de glutamato como
conservador y/o saborizante (Nandakumar et al, 1998; Renu &
Chandrasekaran, 1992). Aspergillus oryzae tiene una glutaminasa, la cual se
purificé y caracterizé. La proteina recombinante se ha utilizado en el proceso
de fermentacion de la salsa de soya como saborizante, pues degrada glutamina
a glutamato, aumentando el sabor del producto (Koibuchi et al, 2000).

La glutaminasa también ha sido reportada en bacteroides de R. lupini,
donde presenta una actividad muy alta, la cual aumenta en proporcién al

desarrollo de las plantas y a la presencia de iones Cl- (Kretovich et al, 1985;
Kretovich et al, 1982).




S. cerevisiae también tiene dos iscenzimas, una periplasmica. Ia
glutaminasa A, y una citoplasmica, la glutaminasa B. Estas isoenzimas se
distinguen por su termocstabilidad, sensibilidad a piruvato y 2-oxoglutavato y
su pH o6ptimo (Soberon & Gonzalez, 1987). Se le atribuye a la glutaminasa B la
funcién de regular la concentracion de glutamina intracelular. Cabe mencionar
que a la fecha no se ha reportado la secuencia de alguna glutaminasa de S.
cerevisiae. La busqueda de las mismas en ¢l GENBANK mediante homologia
con las secuencias de glutaminasa reportadas tampoco dio resultados
satisfactorios.

Las vias de sintesis y degradacién de la glutamina en
R. etli

En R. etli la glutamina se sintetiza por la via GS-GOGAT con gasto de ATP
y NADPH, mientras que se degrada hasta 2-oxoglutarato y amonio a través de
la via de la transaminasa de glutamina-w-amidasa, y a través de las
glutaminasas hasta glutamato y amonio (Fig. 2) (Duran y Calderdn, 1995).

La via GS-GOGAT garantiza que las bacterias logren una cficiente
asimilacion de amonio aun en bajas concentraciones (Castillo et al, 2000). Esta
via parece ser necesaria para ¢l consumo eficiente de succinato: dicho consumeo
es abatido cuando la actividad de GS se reduce, lo que demuestra la imporiante
interaccion existente entre el metabolismo de carbono y nitréogeno en Rhizobium
(Encarnacion et al, 1998).

R. etli tiene 3 GS’s. La GSI codificada por el gen glnA es estructural y
enzimaticamente similar a las GS’s de otros procariontes, se regula por
adenilacion reversible, es termoestable a 50 °C y se sintetiza constitutivamente.
En contraste, la GSIl es diferente a las GS’s de procariontes y no esta sujeta a
regulacion por adenilacion, se regula por la fuente de nitrégeno en el medio, se

reprime en medios cuya fuente de nitrégeno es amonio o glutamina, y se activa




en medios con glutamato o nitré\tb; no se expresa en ‘mutantes ntrA o ntrC; es
termolabil y esta codificada por el gen gind? (Bravo & Mora, 1988; Espin et al,
1994). La GSIIl esta codificada por el gen ginT, el cual no presenta similitud con
el gen ginA ni con ginil.

La GOGAT cataliza la transamidacion reductiva de la glutamina con el 2-
oxoglutarato para sintetizar dos moléculas de glutamato. Se reprime por
glutamato y sc inhibe por acidos organicos. Puede participar en la regulacion
del equilibrio de la glutamina y el glutamato (Bravo & Mora, 1988). En
mutantes GOGAT- de R. etli se evita el ciclaje de la glutamina por esta via, lo
que se traduce en un decremento del contenido de amino-nitréogeno durante la
fase exponencial de crecimiento de R. etli, asi como durante la simbi
{Castillo et al, 2000}).

osis

La transaminasa de glutamina transfiere el grupo amino de la glutamina
a un 2-oxoacido para sintetizar el correspondiente a-aminodcido y 2-
oxoglutaramato. Esta reaccién es reversible, pero debido a que se encuentra
acoplada a una segunda reaccién catalizada por la w-amidasa, la cual utiliza
como sustrato el 2-oxoglutaramato para formar 2-oxoglutarato y amonio, la via
opera en el sentido de utilizacion de la glutamina. Esta via es importante para
la sintesis irreversible de glicina, alanina y otros aminoacidos, asi como para
mantener el balance entre los mismos (Duran & Calderdn, 1995).

La mutante LM16

£n nuestro laboratorio se aislo y caracterizé una mutante de R. etli alterada en
la utilizacion de la glutamina como fuente de carbono y nitrégeno, la LM16.
Dicha mutante es incapaz de crecer en medio minimo con glutamina como
tnica fuente de carbono; presenta alteradas las concentraciones intracelulares
de glutamina y glutamato respecto a la cepa silvestre y ha perdido la actividad
de glutaminasa termolabil (actividad que representa cerca del 80 a 90% de la
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actividad total de glutaminasa en la cepa silvestre), manteniendo una actividad
residual y termoestable de glutaminasa. En base a la informacion anterior se
determind que R. erli ticne dos glutaminasas que se diferencian por su
termoestabilidad y por su migracidon electroforética: una glutaminasa
termoestable (B), que es constitutiva, a diferencia de la glutaminasa termolabil
(A) que es regulada positivaménte por glutamina y negativamente por la fuente
de carbono. A diferencia de la glutaminasa A, la glutaminasa B no juega un
papel importante en la utilizacién de glutamina como fuente de carbono, pero
puede participar en mantener el balance de glutamina y glutamato (Duran &
Calderon, 1995; Duran ct al, 1995; Duran et al, 1996).

x

X-smeg + QLU

Transarmvdacidn

amino
... &
transferasas
anH q
proteinas Mgt + 2-ONOG
GLN: glutamina, GLU: giytamato ®.8: aminOacido GS: glutamino sintetasa

NN}: amonio GD#Hy® glutamato dehidrogenasa biosint€tica 2-ox0@®: 2-0x0Oglutarato
GDH.~: qglutamato dehidrogenasa catabdlica 2-0OXOGM: 2-oxoglutaramato

Fig. 2. Las vias de sintesis y degradacién de la glutamina en R. etli

U.L-.Z'F‘EN




La actividad de glutaminasa A de R. etli varia en las diferentes fases de
crecimicnto y con diferentes fuentes de carbono y nitrégeno, encontrandose
clevada durante la fase exponencial de crecimiento, independientemente de 1a
fuente de nitrégeno y carbono utilizada para su crecimiento, mienuwras que
durante la fase cstacionaria, la actividad de glutaminasa A baja en la mayoria
de las condiciones de crecimiento, exceptuando glutamina como fuente de
carbono y nitréogeno, y glutamina-succinato (Fig. 3).

La LM16 recuperd su capacidad de crecer en glutamina como Unica
fuente de carbono y de nitrégeno mediante su complementacion con el cosmido
PCD24 de un banco genomico de R. etli construido en el vector pLAFR1 por el
Dr. Jorge Calderan. Dicho cosmido contiene un fragmento de 6 Kb de DNA en
cl que se encuentra ¢l gen glsA, que codifica para la glutaminasa A. El pCD24
se subclond ¥y se obtuvo el pCD2.1, el cual contiene 2 Kb de DNA donde se
encuentra glsA y presumiblemente su region promotora, puesto que la
actividad de glutaminasa de las cepas que contienen el pCD2,1 se regula de
manera similar a la actividad de la cepa silvestre (Fig. 3) (Duran et al, 1996).

300

250 |LM16
DCE3pCO2.1

|
!

QLMIEpCD2.1
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Amm -Suce

Fig. 3. Actividad de glutaminasa de las cepas CE3, LM16 y ambas
conteniendo el plasmido pCD2.1 cn diferentes medios.




El ciclaje de la glutamina

En E. coli, la posible existencia de un ciclo de sintesis y degradacion
simultanea de glutamina, con la participacion de la GS y la glutaminasa B, fue
estudiado por Stanley Prusiner (1973), quien propone que la GS y» la
glutaminasa B tienen mecanismos regulatorios reciprocos: mientras que Ia GS
se activa por ATP y se inhibe por AMP, la glutaminasa B sc activa por AMP vy se
inhibe con ATP, lo que sugiere que no cpera un ciclo de degradacion y sintesis
de glutamina (Fig. 4). Sin embargo, dicha activacién e inhibiciéon de 1a
glutaminasa B por AMP y ATP respectivamente, solo la encuentra utilizando
concentraciones muy altas de estos nucleodtidos de adenina al evaluar la
actividad enzimatica in vitro (por encima de 10 mM), que dificilmente se
encuentran naturalmente.

TCA
cycLe

e T
D L
GLUTAMINE - GLU!AMINAsé EY
SYNTHETASE iz

ADP? "0 -

Fig. 4. Control reciproco de’ la GS'y la glutaminasa B de E. col por
nucledtidos de adenina. (Témadé de’ Glutaminases of Escherichia coli: Properties,
Regulation and Evelution. S.' Prusiner, 1973).




En Neurospora crassa, se¢ determiné la existencia de un ciclaje de
glutamina, en el que la glutamina y el 2-oxoglutarato son convertidos a dos
moléculas de glutamato por la GOGAT; la glutamina también puede ser
catabolizada a través de la via de la transaminasa de glutamina-w-amidasa
hasta 2-oxoglutarato y amonio, los cuales son sustrato de la enzima glutamato
deshidrogenasa (GDH), que sintetiza glutamato; por ultimo, el glutamato
producto de ambas vias puede ser convertido a glutamina por la GS. Durante
esta serie de reacciones la glutamina es continuamente degradada y
resintetizada, con gasto de ATP y poder reductor (Calderéon & Mora, 1985;
Calderén et al, 1989). El estudio de las vias de sintesis y degradacion de la
glutamina en N. crassa se complemento con estudios de marcaje isotopico de la
glutamina y amonio utilizados como fuente de nitréogeno, en los que sc
determind la incorporacion del 3N en los diferentes compuestos nitrogenados
{glutamina en sus grupos amido y amino, glutamato y amonio, principalmente)
(Calderon et al, 1989). Se ha sugerido que la operacion de este ciclo es
necesaria para mantener unpa utilizacion continua de ATP que permita un
efectivo flujo de carbono, necesario para ¢l crecimiento de este microorganismo
(Hernandez & Mora, 1986; Hernandez et al, 1986; Mora, 1990). Es interesante
mencionar que en el ciclaje de la glutamina que ocurre en N. crassa no se
determind la existencia de una glutaminasa. Sin embargo, con la secuenciacién
automatica de genomas, se ha encontrado la secuencia de una probable
glutaminasa para este microorganismo, la cual puede participar también en el
ciclaje de la glutamina (NCBI homepage. http:// www.ncbi.nim.nih.gov).

En S. cerevisiae sc sugirio la posible existencia de un ciclo de sintesis y
degradacion  continua de la glutamina en este microorganismo con la
participacion de la GS y la glutaminasa B, dicho ciclaje puede tener influencia
en la relacion de concentraciones de ATP/ADP intracelulares, lo que influye a
su vez en el flujo glicolitico (Flores-Samaniego et al, 1993).




El ciclaje de la glutamina en R. etli

En R. etli, las glutaminasas participan en un ciclo donde la glutamina es
degradada por estas cnzimas y sintetizada por la GS (Fig. 5): Cuando la
bacteria crece en glutamina como fuente de carbono y nitrogeno excreta alias
cantidades de amonio en relacidén a su crecimiento en glutamina-succinato; la
glutaminasa A presenta una actividad similar en ambas condiciones, mientras
que la actividad de GS es muy baja cuando la bacteria crece en glutamina como
fuente de carbono y nitrégeno, mientras que aumenta en glutamina-succinato.
Al utilizar un inhibidor de GS, cuando la bacteria crece en glutamina-
succinato, se observa que la excrecion de amonio es varias veces mayor, lo que
indica que el amonio liberado de la degradacion de la glutamina por la
glutaminasa es asimilado por la GS, lo que da lugar a la operacian del ciclo de
degradacion y sintesis de la glutamina (Duran y Calderan, 1995). El patron de
actividad de la glutaminasa A presenta correlaciéon con la actividad de la GS
durante el crecimiento, excepto cuando la bacteria crece en glutamina como
fuente de carbono y nitréogeno. En esta condicion la actividad de GS se
encuentra muy baja, mientras que la actividad de glutaminasa se encuentra
muy elevada, por lo que el ciclaje de la glutamina opera a un nivel mas bajo,

permitiendo que la glutamina sea utilizada como fuente de carbono para el
crecimiento.

glutaminasa

glutamina Glutamato + amonio

ATP + NADPH

Fig. S. El ciclaje de la glutamina en R. etil
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Estudios con marcaje isotépico de la glutamina [amido-'*N] ¥y con amonio
[13N}, demostraron la existencia del ciclaje de la glutamina en R, etli y
Sinorhizobium eliloti (Encarnacién et al, 1998). En medios con glutamina
marcada y succinato, se determiné la incorporaciéon de la marca en diferentes
metabolitos nitrogenados como gilutamina (en sus grupos amido y amino),
glutamato, alanina y amonio, principalmente. Dicha incorporacion del 3N del
grupo amido de la glutamina es posible solo si la degradacion y resintesis de la
glutamina ocurren simultaneamente. Complementando los resultados
anteriores, se determind la distribuciéon de la marca radioactiva de N del
amonio cuando este se proporciona como fuente de nitrégeno en medios con
succinato: el amonio marcado es incorporado en glutamato, alanina y
glutamina {(tanto en su grupo amido como ¢n el amino).

Se han propuesto muchas funciones para el ciclaje de la glutamina en M.

crassa, R. etliy S. meliloti:

v Contribuir a la transaminacion irreversible de la glutamina.

v Como un mecanismo de control rapido y eficiente de la concentracion
intracelular de la glutamina y de la velocidad de sintesis y degradacion
de los compuestos nitrogenados.
Puede ser un mecanismo para tomar o liberar los esqueletos de carbono
de los metabolitos nitrogenados, en funcidon a la disponibilidad de
fuentes de carbono.
Para mantener un balance 6ptimo entre los compuestos nitrogenados.
Para disipar energia, contribuir a un gasto de ATP y poder reductor, que
permita una oxidacién optima de carbono en el ciclo de Krebs y con ello
generar mas energia.
(Calderén et al, 1989; Calderén & Mora, 1985; Mora, 1990; Encarnacion et al,
1998). .

Tempest y Neijssel (1987} han propuesto que los ciclos futiles pueden
funcionar como reacciones que disipan energia en condiciones en las que los

procesos biosintéticos estan limitados debido a una restriccion de nutrientes

1o




esenciales diferentes a la fuente cleAenerg}a. La pérdida de energia puede tener
sentido en tanto que permita a los n;nicrobl;ganismos mantener Sus procesos
metabdlicos a niveles basales y listos para incrementar su actividad cuando se
requiera.

El ciclaje de la glutamina en R. etli es un modelo de regulacion metabaolica
muy atractivo parece ser un punto de interdccion entre el metabolismo del
carbono y del nitrégeno (Poole & Allaway, 2000}, por lo que nos interesd
conocer los mecanismos que regulan la actividad enzimatica de la glutaminasa

A durante ¢l mismo.

JUSTIFICACION

La interaccion del metabolismo nitrogenado con el metabolismo del
carbono es cvidente en la operacion del ciclaje de la glutamina en R. etli, ¢l cual
puede ser un mecanismo que influya en los niveles energéticos de la célula, en
1a distribucion de los compuestos nitrogenados, en derivar fuentes alternativas
de carbono hacia el ciclo de Krebs, o como un mecanismo muy eficiente para
permitir que la bacteria se adapte a cambios rapidos de las condiciones
nutricionales, atin a expensas de un gasto importante de energia. La funcién de
las glutaminasas durante la operacion del ciclaje puede ser un punto de
control, por lo que se torna necesario conocer los mecanismos regulatorios de
éstas enzimas. Estos mecanismos pueden manifestarse a diferentes niveles,
tanto en sus niveles de expresion genética, como a nivel de modulacién de su
actividad enzimatica por regulacién posttraduccional.

r:v
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OBJETIVO

El objetivo general del presente proyecto de investigacion consistié en
determinar los mecanismos regulatorios que operan sobre la glutaminasa A de
R. etli y en determinar su papel en la interaccion entre el metabolismo del

carbono y del nitrogeno.

OBJETIVOS PARTICULARES

2 Determinar como se regula la expresion del gen glsA de R. etli.

i Determinar los mecanismos que modulan la actividad enzimatica de la
glutaminasa A,

21 Proponer una funcién al ciclaje de la glutamiha en base a la
participacion de la glutaminasa A y al conocimiento de  sus

mecanismos de regulacion.




PLAN DE TRABAJO

Ei proyecto de investigacion se dividido en dos vertientes para su
desarrollo y cumplimiento de los objetivos planteados:

Como primera linea de investigacion, la cual llamaremos la parte
molecular del proyecto, nos dimos a la tarea de analizar la secuencia del gen
glsA, que codifica para la glutaminasa A de R. etli y su caracterizacion,

La caracterizacién molecular del gen glsA y su clonacion en diferentes

vehiculos de expresion nos permitié cumplir las siguientes metas parciales

Sobreexpresion de la glutaminasa A para su posterior purificacion,
catacterizacion bioquimica y enzimatica.

Construcciéon de una fusion transcripcional entre la region promotora del
gen glsA y el cassctte uidAZ2-aad {del plasmido pWMS), que contiene el gen que
codifica para la p-glucuronidasa (GUS). La construccion nos permitié evaluar
los niveles de expresion del gen glsA.

Como segunda linea de investigacion, la cual llamaremos la - parte
fisiologica del proyecto, llevamos a cabo una evaluacion de la influencia de la
actividad enzimatica de glutaminasa A en diferentes condiciones de
crecimiento.

Llevamos a cabo la expresion controlada del gen glsA bajo diferentes
condiciones metabolicas, a fin de evaluar el ciclaje de la glutamina in vivo.

Dichas evaluaciones consistieron en determinar si el ciclaje de la
glutamina influye en el crecimiento de las bacterias crecidas en diferentes
condiciones nutricionales con la expresion normal, sobreexpresion y falta de
expresion de la glutaminasa A. Asimismo, se evalué la velocidad de crecimiento
y el rendimiento respecto a la cantidad de fuente de carbono utilizada v la
cantidad de biomasa producida.

FALLA DE ORIGEN
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RESULTADOS

De 1a parte molecular del proyecto de investigacion, se obtuvieron los
resultados que sc publicaron en los siguientes articulos:

Jorge Calderdn, Alejandro Hue:tn-Saqhero, Gisela Du Pont, Socorro

Duran. (1999). Sequence and molecular analysis of the R. etli glsA gene,
encoding a thermolabile glutaminase.. Biochirnica et Biophysica Acta 1444: 451-

456.

A. Huerta-Saquero, J. Calderén, R. Arrcg\iin, A, Calderdn-Flores, and S.
Duran. (2001). Overexpression and Purification of Rhizobium etli Glutaminase A
by Recombinant and Conventional Procedures. - Protein
Purification 21: 432-437, S

Expression  and

Los resultados obtenidos. de la parte. fisiologica del proyecto, sc¢. han
compilado y presentado en: el manu%cnto que ha S|do sometldo a.la revista
Biochimica et Biophysica Acta para su pubhcacnon.

Huerta-Saquero, A, Calderén-Florcs,' A, Diaz-\/illéseﬁor, A “and; 8.
Duran. {2003). Regulauon of Rhizobium cth glut'\m:n'\se A

‘lmplications -to
glutamine-cycling regu]auon Btoc)unuca et Biophysica Acta. ’
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Abstract

We sequenced o 2.1 kb fragment of DNA carry g the structural gt gene. swhich codes Tor the Riizobitns et theemol
glutaminase (AL The ehsot pene complements the £ crfe N6 mutant that Lecks glutamis
the heterologous haost Sinordiizobuess: mehilon. The deduced amino
molecubir mass of 33 kI, The ammo aad sequence shares 537
colii 2% adentity wath liver-type: identity with  kidn ype glutuminase and 0% ident
Elutaminases OF Bacellus subnilis; anad 4 d 370 sdentity with two putative glat ererrhialh

wha pene represents the first glutanunase gene cloned and sequenced in prokanotes. £ 1999 Published by
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Gtutaminase a¢hvity nmobes min (mg protel

pothetical £ coli. Bacillus subtilis and Caenorhabditis
elegans glutaminasces luve been identitied (10 12)

Rhltizobion erli has 1two glutaminases which can be
ditterentiated by regulation. thermostability and elee-
trophaoretic mobility. The glutaminase thermolabile
(A) that is positively regulated by glutamine. and
pegatively repubited by ammonium and by the car-
bon source. and the glutaminase thermaostable (B)
that is coustitutive [13]: these glutaminases partici-
pate in @ oywle where glutamine is synthesized and
degraded at the expense of AT [14.15). Glutamiy
A plays a catabolic role in the degradation of glut
mine 1o cubon skeletons and muuntaining the bal-
ance between plutamate and glutamine, the universal
mitrogen donors of the cell [13] Here we report the
nucleotide sequence of the g/ gene encoding gluta-
mnase Ao Koerdn

We previously isolated o DNA ftagment of 9.1 kb
(PCD24) n pLAFRI cosmid by complementation of
the & erlr LMo mutant that lacks the glutiminase
A activiy [16] The pCII24 cosmid was partially cut
with Zindl1t restriction endonuclease and a subclone
wits isolated with o 208 kb DNA fragment (named
PO The pCDRLL conmid was introduced by
conjupation into LMI6 mutint, wild-type R orls
CEN32 and in Sworluzobun welilori 1021 strains,

Results indicate that the LMI6 mutant harboring
the pCD2.1 cosmid wis able to grow on plutamine as
the sole nitrogen and carbon source (data not shown)
and plutaminase A activity was restored and regu-
fated in the samie way as n the

wild-type  strain

i wild-ty pe straim suhout o1 with heatimg (hanes A
apectinelyr LAMI6 mutant tlane 15 LM16 mutant barboning the
POD2T commd (lane ) S snclon 1021 wildetype stoan watl
out or with heating (lanes 1 and G, respectinely)
harbonng the pCD2 1 cosmid without or with b
and B sespeviisels
grown 16 h on g
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2. 1). R etdi harboring the pCD2.] cosmid showed
higher plutaminase A activity, which was normally
regulated and S, oonelilori harboring the pCD2.1 cos-
mid exlibits higher glutieminase activity (data not
shown), These results led us to conclude that the
2.1 kb DNA fragment contained the complete gene
sncoding the R crlr glutaminase A.

To obtain more evidence for the presence of this
pene, we performed in situ detection of glutamir
activity in pobyacrylamide native gels of the LMI16
mutant and 8 prcldon wild-type strain with or with-
out pCI2.1 cosnmud and with or without heating. The
LMo mutant harboring the pCI2.4 cc 3
vecovered the band that migrates as R erdi glutam
nase A (Fig. 20 tane O S0 mefitori wild-type strain
eatricts showed only one band that migrated slower
than R et glutinmunase A (Fig, 20 lane D), and in
heated extracts this band continued 10 be detectable
hut was less intense (Fig, 2, lane G). In S meliloti

smid extrag!

M L
c-rm,c5:GCATCGGCGAGGGCAAG"chccrAcTA-A'“}acc

an et al | Biochingice et Biophysico Acta 1433 (1990} 351-450

TAAGAARGCACCAGGCGTTTTCGETTATGGAARRGCCGCTET
ATTS s;\chc;mgccn-rarcc.c;"::"rrc;wr'ccm_cc CGAC.
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harboring the pCD2.1 cosmid, several bands were
detected : one of them migrated to the same po: n
as S, mweliloi wild-type  glutaminase. another mi-
grated to the same position as R er/i glutaminase
A and three bands migrated between them (Fig. 2.
lane E). These bands can be explained by the forma-
tion of hybrid oligomers of these enzymes. which
have been found 1o be tetramers in £ coli [5).
hecated extracis of S, melifoti harboring the pCD2.1
cosmid, the band that migrated to the same position
as R erli glutaminase A disappeared (Fig. 2, lane H)
like that in h xtracts of R crli wild-type strain
(Fig. 2, tane F). Finding the band in 8. melifoti har-
boring the pCI22.1 cosmid that migrated as does the
R. erli glutaminase A band, in addition to being
thermolibile. indicates that we cloned the structural
gene that codes for R erdi glutiminase AL

The nucleotide and deduced amino acid seguence
ol the R erli wls A gene, encoding a glutaminiase A is

TTTTTTGTT
T;‘c;.ccr:,cr,.-rc
T . D

¥
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4. Amino acid 1

of R enli
- 10/!

2 kidney. kid

A with other with glutammascs scquences: R. erli. R etli glug,
and 2. two hypothetical glutuminases from £ cofii B subt | and 2

ype C Eleg ) and
s are shown in capital and boldface type. The putative active site is underlined.

glataminases from B, subtilist liver,

. lwo putative glutaminases of C. elegans. ldentical umino

shown in Fig. 3. The open reading frame was iden-
titfied by compuarisan with published glutami Y
quences. Located 11 nucleotides upstream from the
initiation codon, there is a sequence similar to a ri-
bosome-binding site. The deduced amino acid se-
quence consists off 309 residues. with a ealculated
molecular miass of 33 kDD,

We compared the deduced amino acid sequence of
the glvd gene with previously published glutamin;
SEGUENCY Results showed that the R erdi glutami-
mase A shared 5237, and 432 identity with two hypo-
thetical glutiiminases of £ colic 42 identity with
liver-type identity with Kidney-type glutami-

wnd 30 adentty with hypothetical gluta-
minases of B suhalis: and 41%0 and 37% identity
with two putative glutaminases of C efegans (d ta
not shown). The R or/i glutaiminase A is most
to one of the hypothetical £ coli glutaminase se-
guences (Fig, 4. 2 cali 1); this sequence could be
the glutaminase A of £ coli. Both enzymes are regu-
Lated.

We enamined the mine glutaiminuase aminoe acid se-
quenges to deter

<

38

NS CONMr cd CONMNsUS acquences.
The glutaminase sequences ahgned in Fig, 4 have 53
amina actds that are conserved in the nine sequences
The data also reveal that three amino acids are con-
served oniy i prokary otes, while 48 amino aads are
conserved in cuharyotes. We
consensus sequence that corresponds to the glutis-
mine binding  site (PVEGICLGHQL)  previously
tfound i the glutaminase domain of amidotranster-
wases 9] We did not find this sequence. This result
ests that glutannmases and amidotransterases did
not cvolve from . common ancestor. We

looked 1or a conserved

also com-
pared Roord plutamimise A sequence with glutam
e paraginase of Prscudomonas 7A [17] and we
found @ putatnne  active  site in the
SGDFAYHVGLPGRKSGVGGGH (Fig, 4).

The elsd gene represents the first glutiminase gene
Clonad and sequenced o prokaryotes. This sequence
s important in order to study the regulation at mo-
Tecular leve! of the slutiuninases.,

sequence
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Rhi i

etlé glutami
y by i 1

A wan purificd to homo-
that i 1

Universidad Nacional Auténoma de México,

(1-5), Bacillus subtilis (G), B. lu:hmufurmm 7), Sac-
charomyces cer 8, 5 aerugi. a (9),

rmo:
exchamg

¥
m sulfute differentinl pmclpiun.ion. jon-
chromatography, hydroy: inter: i
chromatography, gel filtration, and dye-ligand chroma-
togruphy. Allernatively, the structural glsA gene that
codifies for gflutaminase A was amplified by PCR and
cloned in the expression vector pTrcHis, The recombi-
Ted to homogenceity by affinity
This protein showed the same kinetic
ve glutaminase A (K, for glutamine
s ur 8O zemol ummnnlum min~! mp
i lnnd H 1 prog

t werse l(ll‘n‘
tical, The molecular mass of i

nant protein was pur
chromatograph
properties
of 1.5 mM
protein”'.

A M, 106.8 kDn) and the molecular mass of the subunits
M, 269 KD were estimanted by mass apectromoetry.
These results suggzest that 2. efli gluta use A in come
posed of fouridentical subunits, The high-level producs
tion recombinant glutaminase A elevates the
ibilities for determinntion of its three-di ]

Micr uteus (10, Aspergillus sojac (11), A. oryzace
12), Clostridium welchii (13), Rhizobium lupini (14} R.
ctli (16—17), Shinorhizobium meliloti (17), Cryptococrus

thidus (18), Ps 4, s fluorescens, Vibrio cholerae,
and V. costicola (19). Recently, overexpression and puri-
fication of salt-tolerant glutaminase from AM. luteus has
been reported (200,

R. etli establishes nitrogen-fixing symbiosis with
Phascolus vulparis (bean). R, etli has two glutaminases
that differ in thermastability, clectrophoretic mobility,
and regulation (17): a thermolabile glutaminnse A,
which is positively regulated by plutamine and ne;
tively rejulated by the carbon sourc nd a constitutive
and thermostable glutaminase B. Glutaminase A plays
a catabalic role in the degradation of glutamine to car-
bon skeletons and to maintain the optimal balance be-
tween glutamine and glutamate (16, 17) R etdi glsA

13

structure throuph Xeray crystallography.

© 3001 Aca
demic v

Glutaminases (EC 3.5.1.2) catalyze the hydrolyticde-
amidation of L-glutamine resulting in the production of
teglutamate and ammonium. Glutaminases have been
detected in several microorganisma: In Escherichia coli

' In memoriam.

132

gene glutami A has been cloned and se-
quenced (21).

Glutaminase A participates in an ATP-consuming
cycle where glutamine is continually degraded and
resynthesized (15-17, 22). We are interested in how
glutaminase activity is regulated at molecular level to
get insight into glutamine-cycling regulation.

In this communication we report the purlﬁcutlon of
R. etli glut i Aby ) ional an
procedures and a comparative study of '.heir physico-
chemical and enzymatic propertie:

1046592001 $35 00
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MATERIALS AND METHODS
Strains and Plasmids

R. etli CFN42 wild-type strain (23), R, etli
CE3pCD2.1 (wild-type harboring the pCD2.1, pLAFR1
cosmid that contnins the structural g#lsA gene) (21), and
E. coli 3M109 were used in this study. Plasmids were
the pLAFR1 wide-host cosmid vector (24) and pUC18
usud for cloning and sequencing of /s gene; for overex-
pression and purification of glutaminase A, we used
the pTreliis plasmid (Invitrogen) (25).

Determination of Glutaminase Activity

Cell extracts were prepared by sonicating whole cells
in ico-cold extraction bufTer (0.1 M KH.PO,, pH 8) with
a Soniprep 150 ultrasonic dixintegrator; the homoge-
nates were centrifuged and supernatants were recov-
ered. Glutaminase activity was assayed in a 0.25.ml
reaction mixture containing 0.2 mi of extraction buffer
with and without 70 mM of glutamine and 0.05 ml of
extract at 37°C, s stopped ot different
times adding 0. trichloroacetic acid. Am-
monium released  was ired as described  clse-
where (153

Determination of En

e Stability

Since glutaminas
idly lost when submitted to du
etdi plutaminase A in dinlys
various possible stabili
the presence of gx
activity were dialy

v in erude extracts i

rap-
Iy

the stability of 2.
s wiax explored with
Crude extracts of /8 etli in
bilizers of the enzyvmatic
nst bufler 0.1 M KIULPO,,
tions woere performoed at 4 C for 4 h
The feasible stal s included antioxi-
divalent mino acids, nucleatides, and
inhibitors. .»\lh-r ‘« sttic active
od and camp ind nondiai-
dditionally, we 1 prlutaminas
e strengrth of extr

pH 8. These upe
or overnighr.
dants,

.'wn\-i(_v assavs with difler
six butTer (Lo o1M 1604 M of KTLPO L pil 8).

Purification of R etle Glutaniinase A by
Conventional Procediures

oo

Rateh cultur
mediam (057

=~ ol fe. ¢
pLlanc,
at

1pCD2 2D on PYerich
(S wast, 7 mN CaCly) were
srown overnipht 30 L aking at 200 ppm.
Cells were washed and used ax inoculum for growth on
minimal medium ¢ : ining 10 mM glutamine
and 10 md suceinate as nitrogen and rbon sources,

2 Abbrevintions
TG amcpropy Iy
ot

waediam, O, e 2b e
DT

nvd N

binen etli GLUTAMINASE A 433

The initial optical density (OD) of MM was adjusted to
0.05 at 540 nm. MM cultures were grown for 18 h. Cell
extracts were prepared by sonicating whole cells in PG
buffer (0.1 M KH.PO,, 5§ mM glutamine, 0.5 mM DL-
dithiothreitol, pH 8) with a Soniprep 1560 ultrasonic
disintegrator; the homogenates were centrifuged for 10
min. All operations were performed at 4°C. The super-
natants were differentinlly precipitated with 20 and
40% of (NH ),SO, (wv). The first precipitate was dis-
carded wherens the second precipitate was collected by
centrifugntion, resuspended, and dialyzed against PG
baffer. The solution was chromatographed through a
DEAE-ccllutose column equilibrated with G buffer.
Proteins were eluted with a linear gradient (0.1-1 M
KH.PO ) of PG bufler, The active fractions were pooled,
concentrated by ultrafiltration (Amicon PM-10 mem-
brane), and dialyzed against 1 M PG buffer. The solu-
tion was chromatographed through an octyl-aparose
resin previousy cquilibrated with the same buffer. The
enzyme was eluted with a linear gradiont of PG bufter (1
M-50 midM). Active fractions were paoled, concentrated,

nd diandyzed against 0.2 M PG buffer, The enzyme was
oplicd to a Sephaceryl S200 gel filtration column (1.5
cm > 1 m) equilibrated with the same buffer, and the
active fractions were pooled and applied to a cibacron
blue column cquilibrated with 0.1 M PG buffer. The
column cluted with o 0.1-1 M linear gradient of
PG buf¥er, and the active fractions were pooled, concen-
trated, and stored ar - 70°C.

s

(& Imun;: the gl

e into pTreldis High-
Ixproession Vector

We designed oligonucleotides to amplify the strue-
tural glsA gene that codifies for B etli glutaminase A,
which introduce new restriction enzyme sites at both

ctural gene (Barm ] and Hindl1] sites,
is allows us to clone this gene into the
ctor pTrellis that produces n recom-

hu,h exXpres
binant protein with o (His); domain at the amino end

of the prote

n of interest
The designed oligonucle:

tides w :
B, 5 cpe pppn tee ATG( GAT TTG CAG €
H. ce apr et TOA ATC GOCC GAA AAC

With llu- designed ulu_llnuglnulllh-n and R otli Lth)-
maosomal DNA or pCD2.1 ] 1 DNA as o

we obtained the g/sA gene amplified by PCR. PCR con-
ditions were as follows: initial denaturation step at 92°C
for 2 min; 40 rounds of anncaling (50°C for 1.5 min),
primer extension (72°C for 1.5 min), and denaturation
(92°C for 1 min); anneiling (50°C for 2 min) and final

)
extension at 72°C for H min. The frigmments produced
were flanked by the restriction enzyme sites Baorbil—

Il. The product with the restriction sites was

ind cloned into pUCIK. The new construction




s sequenced ta confirm that the sequence was identi-

cal to the glsA scquence previously reported (GenBank
Accession No. AF057158) (15). The amplified gene was
inserted into the pTreHis vector. The new construction
pTrellis/ul/sA was named pTAHS

Purification of the Recombinant Glutaminase
Produced in E. coli JM109/pTAHS

The transformant JM109/pTAHS was cultured on
100 ml of LB—carbenicillin medium overnight and used
as inoculum to 1 liter of the same medium to yield 0.1
OD at 540 nm. The culture was incubated nt 37°C to
yield 0.4 OD and then 1IPI'G was andded to a final concen-
tration of 1 mM. The culture was incubated for 4 h at
30 C and the cells were then obtained by centrifugation
and resuspended in 0.2 M KH.IPO,, pH 8 buffer. The
protein extract was prepared by sonication and dituted
twice with 0.2 M KPP0 M NaCl 4 0.1 Mimidaz-
ole, The protein ext s applied to Hi-Trap proe-
packed column «(*h 1) previously equilibrated
with 0.1 M NiXO, and the same buller; after several

vashes the recombinant enzyme was eluted with 0.2
M KHLPO, ¢ 50 mM EDTA. The recombinant glutami-
nase A was dialyzed against PG butTer, concentrated
ultrafiltration with an Amicon PM-10 membrane,
nd stored at T0C.

o

cochemical Characterization of Glutaminas,
Mass spectromietry.

noclectrospray mass wis ob-
1

tained on an Esquire ijon trap spectrometer
iruker-Flanzen Analytical Grmbh) described by
densen of al. 263, Protein was dissolved in 250 il of

40:60 methanel water, with 0.1¢% formic acid. Molecular
weight anformanion was analyzed using MASSMAP
software.
l‘rvpnc in-gel di-
ser desorption ionization
of huht muss wetrometry (AMALDISTOR-MS) were
carried out,. After SDS-PAG the protein band (10
s was excised and washed twice in 1 ml of 100 mM
NHHCO L The ~solvent w discarded and the gel piece
was washed in 300 4l of 097 (v CHLZCN and 100 mdt
of NH HCO, tore 4§y, debydrated in 100 40 CHLCN for
10 min. dricd, and reswelled in 50 40 100 mM NHHCO,
containming 1 e trypsin (Roche, Mannheim, Germany)
for 10 nun. Atter addition ot 150 41 100 mM NH,HCO,.
the digestion was carried out at 37°C overnight. The
supernatant was saved aond the peptides were extracted
with 200 ul ot 507, v/ CELOCN and 0.1% (v/v) trifluoro-
acetic acd CTFAL for 20 min. The supernatant and ex-
tracts were combined and concentrated under vacuum.
The Iyophilized digest was d olved in 10%
tormic acid, loaded on a ZipTip (Millipore,
Germuamy . washed with 019 TFA,

Neserminal amine actd sequence
nd matrix-assistod

aqueous
Eschborn,
and eluted in one
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step with 50% CHLCN. Typically, n sample was pre-
pared for MALDI-TOF-MS by mixing 0.5 ul of the pre-
pared mixture and 0.5 &l matrix solution (10 mgg 2.5-
dihydroxybenzoic acid in 1 ml water) on the target.
Postsource deeay spectra were recorded on a reflectron
mass spectrometer with the delayed extraction tech-
nique using a final accelerating voltage of 20 KV and
a 337-nm laser (27).

Optimum pli. To study the effect of pH on isolated
glutaminase nctivity, different buffer media were used
at 100 mbM final concentration: acetate (pH 6 and 5.5)
Pipes (pH 6, G.5, and 7). phosphates (pH 7.5, 8, 8.5, and
9), and carbonate buffer (pH 9.5, 10, 10.5, and 11).

The isoelectric point (pl) and optimum temperature
were caleulated by standard procedures: pl of glutami-
nase A was performed in PhastGel system for IEF with
separation range p/ 3 to 9 and pharmalyte carrier am-
pholytes (Pharmacia). Optimum temperature was cal-
culated by performing glutaminase assays from 20 to
60°C with intervals of 5°C in 0.1 M KH.PPO,, pH 8, with
10 mM glutamine as n substrate.

RESULTS AND DISCUSSION
Stability of R. etli Glutamina

Glutaminase A is an unstable enzyme which loses
20% of its activity if maintained at 4°C for 12 h, up to
70% during dinlysis of crude extracts in 0.1 M KiH.1°0,
buffer, pH 8, and over 90% when dialysis is |
in water (not shown). Since the rapid inactivation is

Jisadvantageous for purification. this point was
tigated. Dithiothreitol {DTT) was tested as antiox-
idant agent, EDTA and PMSF a bitors,
divalent cations as possible co! . and the amino
acids glutamine and glutamiate (substrate and product
of glutaminase activity) and the nucleotides AT and
ADP as possible allosteric effectors. Additiovnally. the
iunic strength of the dialysis bufTer was modified to

reserve glutaminase o ity. As shown in Table 1,
l) I°T preserved enzymatic activity of glutaminase A in
about 60% compared to fresh exteact, whereas gluta-
mine 5 mM preserved the enzymatic activity by over
B80U% . Addition of 5 mM glutamine and 0.5 mM DTT
to the dinlysis buffer maintained 98% of glutaminase
activity, so it was decided to add these stabi to all
the buffers used for purilication steps (PG bufTer). The
protective effeet of DTT sugpgests that there are im-
portant residues susceptible of oxidation in the glutami-
nase structure, Glutamate and ADP showed stabil
behavior of glutaminase activity, which preserved in
69 und 777 , respectively. Since glutan s the product
of deamidation of glutamine by g se, ity prot
tive effect on activity well as that of glutnmine—
could be explained by the interaction of the amino acids
h the active site of 1the enzyme, thus preserving its

A

AR |




PURIFICATION OF Rhizobium ctli GLUTAMINASE A

FABLE T
Possible Stabilizers of Dinlyzed Glutaminase A
Stab

zer % of activity

Fresh extract

100
\\’llhnul stabilizer, without dialyxin 80
-+ dinlyzed 28

61

10 mM CaCly as
10 mM MeCly a4
10 mM MnCly at
1 mM Glutamine 0
5 mM Glutamine H1
1 mM Glutamate 69
0.1 mM ADI® 77

10 mM EDTA
1 mM PMSE
5 mM Glutamine + 0.5 mM DT

Nore, Percontages with respect to total activity of fresh extract
a control. Determinntions were nuade nt least three times. Reprosen-
tative renults are showa.

active form. The > of A suggests that thi
tide could be an allosteric effector of
in glutaminase B from E. colf (5).

Recombinant glutaminase was highly stable in PG
buffer and in a broad ionic strength of the phosphate
buffer (10 mM to 2 M) (not shown).

nucleo-
plutaminase A as

Purification of R etli Glutaminase A by
Conventional Methods

The purification steps of I8, effi plutaminase A are
sumnuirized in Table 2 and shown in Fig. 1. Differential
precipitation of cell-free extract with ammonium sul-
fate together with DEAL-cellullose clarify the extract
to perform hydrophobic interaction chromatography in
vetyl—aparosce, in which good purification was obtained
without foss of vield. The relative molecular weight of

TABL
ation Steps of L
G

Pur

etlt Native and Recombinant
A

prote
P g

Fuld

I e
ot .|\| um/p'l/\||-

435
CcC D E F G
¥
&g | 35 kDa
24 kDa
oo <

10 . ation stepn of K. etlr gluulmu\nsc A
Protein loaded to = shown in parenthenes. 1A) Cellfree
extruct (108 ger (830 (NHL, (©) DEAE—

cotlulone (75
o1 (F Cib

A ake. () Octyi =

15200 150
cron blue (10 0. (MW marker.

native glutaminase A was calceulated by gel filtration
in Sephacryl S200 utilizing ns standards (MW x 1000):
cytochrome € (12.4), carbonic anhydrase (29), albumin
166), anlcohol dehydrogenase (150), and g-amylase (200}
and blue dextran (MW 2,000,000) to calculate void vol-
ume (V,). A ealibration curve was obtained by plottingg
the logarithms of the known molecular weights of pro-
tein standards versus their respective (V./V,) values,
where V. corresponds to velume clution of each stan-
dard. Native glutaminase A molecular weight was cal-
cuiated in 100,000 by this methed. Dye-ligand chroma-
tography of glutaminase in cibneron blue was
performed by the possibility of interaction of this en-
zyme with nucleotides, since cibacron blue has strue-
tural homology to the NAD molecule. As a result of the
interaction of glutaminase A with ¢ibacron blue, we
obtained the enzyme purified near to homogeneity, as
shown in Fig. 1. SDS-PAGE of glutami > A revenls
a single band of glutaminase xnnnumcr of 25.5 kDa,
which suggests that gluts A is composed of four
identical subunits.

Purification of His-Glutaminase A Produced in E.
coli JAMI09/pTAHS

As nresult ufuvt'rcxpn'»hlun of recombinant glutami-
nase A we obtained more than 10 mg of soluble protein
per liter of culture. Recombinant glutaminase A con-
tains (His); domain included in o tag fused at the amine
termini. Affinity purification of recombinant glutami-
nase A was performed under high ionic strength condi-
tions that avoided unspecifie binding of contaminant

3 Trap resin and also contributed to the
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f recombinant glutuminuse A, 10 ug of protein
100 AW markers. (1) i &l

Physicochemical Characterization of Glutaminases

Physicochemical parameters of native and recombi-
nant glutaminase A remained almost the sinme and are
summarized in Table 4.

Mass spectrometry.  Mass spectrometric determina-
tions yielded a molecular mass of 106.813 Da for recom-
binant glutaminase A as a tetramer whereas each mo-
nomer yielded a molecular mass of 26,921 Da.

N-terminal amino acid sequence. The N-terminal
amino acid scquence of the native glutnminase was
determined to be MADLQATLDS, identical to that de-
duced from the previously reported nucleotide se-
quence (21).

pH profile Different buffer media were used to
study the effect of pH on glutaminase activity from
native and recombinant proteins tsee Material and
Methods). Glutam i < a1 broad pH pro-
file (more than 50° ined between
pH 6 and 10) with a m ty nt ptl
B.3-8.5 (data not shown).

p 1 Isoclectric focusing of native

nase A () Native glutamimnase A,

stabitity of the enzyme. One-step purification allowed
us to recover aver 904 of His-plutaminase A in active
forin purified to homogeneity (Fig. 2).

Kinetic Parameters of Glutarninases
Glutanmiz
glutaminus

activity was performed with purified
in 0.1 A KILPO, buffer, pH 8, at 37C
with glutamine at different concentrations (0.01 to 40
mM. Glutaminasc activity maintained by recombing
lutaminase A suppests that tolding of this heterolo-
gous protein in £ coli was successfully done and the
structure of its active site remains without ch

Results of the Kinetie analyais of n.
nant glutaminasc A are sumn ized in Table 3. Native
and recombinant slutaminase A showed the same ki-
netic behavior (R for glutionine of 1.6 mM and V..
of 80 gmol ammonium min ! ang protein . The
tapr it the amine termint of recoambinant glutamin
A slightly altered ¢ 1y N caettd 3

Kanetic faramete EXCIRAY

glut A was performed in Phast system gels
(Pharmacia) using broad pl range markers (3.5 to 8.65).
Calculated pf of native glutaminase A was 6.3 whereas
pl of recombinant plutamir * AW G.1. This slight
difference of p/ between native and recombinant gla-
taminnse A is due to the His-tag at amino end of recom-
binant protein.

Qptimum temperafurs.
both native and recombir
at different temperature

ase activity is retained v

Glutamir
nt proteins w
Mare th,
ithin

A

ctivity of
determined
of plutami-
nee of temper-

atures (from 30 to 60°C)h with k at
45 C (not shown) However, thermolabili of native
and recombinant glutamin ned a8 pre-

viously reported €170
1n this communication we report 2. etli glutiminase

TABLE 4

ve smd Recombinant
Glutaminase A

tive protein”
recumbinant §
MW of monomers (nativer

MW of monomers (recombinant

100,000
106,812

1 optimam
Pl of native protein
¢

Vo Tl of recom
T 4
Elutananuse 1 50 @
phanant clutanunaee A 1 50 18
Vel amonsiam nan g ‘

hant protein
AN

1 filtration




PURIFICATION OF Rhizobium etli GLUTAMINASE A

A purification by conventional and recombinant proce-

dures. The structural glzA gene that cadifies for glutam-

inase A was amplified by PCR and cloned in the expres-

sion vector pTrcHis. The recombinant protein shnwcd

Lhe same kxncuc properucs as native gluta
and L

437

glutaminase from AMicrococcus luteus K-3. J. Ferment. Biveng.
77, 621-625.

11. Yamamotoa, S., nand Hirooka, I1. (1974) Production of glutaminase
by Aspergillus agjae. J. Ferment. Technol, 52, 564-569,

12. Ynna. T., lto. M., 1\amlu!. K., Kumagai, 1., . and Tbchlkurn, T

Ph 1 properties of native
and r gluta were the same. The het-
erologous expression of recombinant glutaminase A
with high-level production presented here will contrib-
ute lo the future elucidation of the function—structure

hip of glut i through X-ray crystallo-
gruphlc nnnlysls. Additionally, we have the possibility
to determining glutaminase activity regulation at mo-
lecular level to get insight into glutamine-cycling regu-
lation in R. etli.
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CONSIDERACIONES FINALES

Este trabajo se origind a partir de la determinacion de la existencia de

isoformas de glutaminasa mediante evidencias bioquimicas y fisiolégicas v de 1a
importancia de las mismas para el metabolismo nitrogenado de R. etli. La
necesidad de conocer los mecanismos de regulacion que operan sobre la
expresion del gen glsA, asi como de los que modulan la actividad enzimatica de

la glutaminasa A, tiene su origen en la ocurrencia del ciclaje de 1a glutamina.
La sccuenciacion del gen glsA de R. etli se constituyd en el primer reporte de
una secuencia de glutaminasa de procariontes. La clonacion de dicho gen en
diferentes vehiculos nos permitié evaluar su regulacién transcripcional. asi
como la purificaciéon de la enzima para su posterior caracterizacion. El
conocimiento de los mecanismos regulatorios que operan sobre la glutaminasa
A, nos permiticron proponer una funcion al ciclaje de la glutamina en R, erli.
Los resultados obtenidos, se discuten a continuacion.,

Estudios previos han demostrado la interaccion entre el metabolismo de
carbono y la sintesis de glutamina en K. etlii en medios con glutamina-
succinato, la sintesis de glutamina favorece la utilizacién de succinato;
mientras que en medios con glutamina como Unica fuente de carbono —donde
ésta se encuentra en exceso-, su sintesis se restringe  y es utilizada como
fuente de energia gracias a la actividad de la glutaminasa A (Duran & Calderén,
1995; Encarnacion et al, 1998). Dicha actividad varia en diferentes condiciones
de cultivo, encontrandose mas clevada en presencia de glutamina y durante la
fase exponencial «de crecimiento. La expresion de glsA se induce por la
presencia de glutamina en el medio y varia en las diferentes fases de
crecimiento en correlacion directa con la actividad enzimatica. Es importante
mencionar que la expresion de glsA se presenta de manera importante en todas
las condiciones de crecimiento probadas, lo que sugiere que la glutaminasa A
es una enzima clave en el metabolismo de nitrégeno de la bacteria. La maxima

induccién de gisA se observo en glutamina como unica fuente de carbono y




nitrégcnd. condicion en la que la sintesis de glutamina se encuentra inhibida,
por lo que el ciclaje se reduce, permitiendo la utilizacion de los esqueletos de
carbono de la misma, a la vez que sc secreta al medio de cultive ¢l amonio
excedente. En glutamina-succinato, la expresion de gisA asi como la actividad
enzimatica de glutaminasa A también es elevada, lo que permite utilizar a la
glutamina como fuente de carbono, aunque se ha demostrado que R. etli oxida
succinato preferencialmente que glutamina (Encarnacion et al.,, 1998). En esta
condiciéon de crecimiento, la GSIl se induce, por lo que se propone al ciclaje de
Ia glutamina como una reaccion de disipacion de energia (Encarnacion et al.,
1998; Tempest, 1978; Mora, 1990). En amonio-succinato, la expresion de gisA y
la actividad de glutaminasa A bajan respecto a las condiciones anteriores; a
pesar de  ello, la sintesis y degradacion de I1a  glutamina ocurre
simultancamente, como lo demuestra Encarnaciéon et al. (1998). La presencia
de glutaminasa A en esta condiciéon sugiere que la sintesis de glutamina induce
la expresion de glsA. El ciclaje en esta condicion no tiene un significado
aparente mas que el gasto inatil de energia; a menos que existan mecanismos
regulatorios sobre la glutaminasa A que mantengan su actividad enzimatica en
niveles basales o bien que exista un control antagoénico entre las actividades de
GS y glutaminasa A, como ¢l propuesto en E. coli por Prusiner (1973).

Para cvaluar dicha posibilidad, se llevé a cabo la purificacion a
homogeneidad de la glutaminasa A ¥  su  caracterizacion bioquimica y
cenzimatica. La glutaminasa A recombinante presenta las mismas
caracteristicas cindéticas que la glutaminasa A nativa purificada por métodos
convencionales (Huerta-Saquero et al, 2001). La glutaminasa A no es inhibida
por glutamato, se activa por amonio, el ATP, ADP y AMP parccen no influir en
sus niveles de actividad. El oxaloacetato y el glioxilato la modulan
positivamente, mientras que el 2-oxoglutarato y el piruvato 1la modulan
negativamente. Las actividades enzimaticas de GS y glutaminasa A se
presentan de manera simultanea durante el crecimiento bacteriano y sus

mecanismos de control no son reciprocos.
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La inhibicidn por 2-oxoglutarato y piruvato sugiere una estrecha relacién
entre ¢l metabolismo del carbono y la utilizaciéon de glutamina, como el
propuesto por Halpern en E. coli, donde la sintesis de glutamina por la GS es
controlada por la concentraciéon intracelular de glutamina y 2-oxoglutarato
(1988). Cuando aumenta la cantidad de carbono disponible, aumenta la
concentraciéon de piruvato y 2-oxoglutarato, lo que inhibe la actividad de la
glutaminasa A, permitiendo que la glutamina sea utilizada por una via
alternativa (por e¢jemplo la via de la transaminasa de glutamina-w-amidasa),
utilizando 2-oxoacidos para la sintesis de aminoacidos, como en S. cerevisiae
(Soberon & Gonzalez, 1987). La modulacion positiva de la glutaminasa A por
oxaloacetato y glioxilato, sugiere también una relacion estrecha entre la
disponibilidad de fuentes de carbono y la actividad de la glutaminasa A: El
oxaloacetato es un intermediario del ciclo de Krebs que puede provenir de la via
anaplerotica de utilizacion de asparagina o aspartato como fuentes alternativas
de carbono cuando otras fuentes son limitantes; mientras que el glioxilato es
producto de la via que leva su nombre, la cual también se activa en
condiciones limitantes de carbono. En corto, la actividad de glutaminasa A
puede modularse hacia la alta cuando se requiere proveer de carbono al ciclo
de Krebs, permitiendo la utilizaciéon de glutamina como fuente de carbono.
Relacionado con lo anterior, en S. cerevisiae, se ha descrito la regulacion de
activadores transcripcionales de la via TOR en respuesta a los niveles
intracelulares de glutamina. Entre dichos activadores, se reconocen RTG1 y
RTG3 que participan en la expresion de genes que codifican para enzimas del
ciclo de Krebs y del ciclo del glioxilato (Crespo et al, 2002). La activacién de la
glutaminasa A por amonio permite a la bacteria crecer en glutamina como
unica fuente de carbono y nitrogeno, condicién en la cual se excretan altas
cantidacdes de amonio.

Por otro lado, al evaluar el rendimiento del crecimiento de la cepa
silvestre y la cepa LM16 (glsA-), en amonio-succinato, se observé que la LM16

presenta un rendimiento 7% mayor respecto al encontrado para la silvestre, lo
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que sugiere que el ciclaje de la glutamina ejerce un gasto importante de encrgia
para la bacteria. Al manipular el ciclaje de la glutamina sobreexpresando la
actividad de la glutaminasa A bajo ¢l control de un promotor inducible,
superamos los mecanismos regulatorios de la enzima a nivel transcripcional y
alostérico, lo que nos permitié amplificar el costo energético del ciclaje. Un
incremento en la expresion de la glutaminasa A provocd un aumento en la
actividad de GS y un decremento dramatico en el crecimiento de la bacteria.

R. etli es una bacteria que habita en el suelo y que puede establecer una
relacién simbidtica con P. vulgaris. En vida libre, las condiciones nutrimentales
puecden variar de manera importante, por lo que las bacterias requieren
mantener una plasticidad metabélica que les permita contender con dichas

condiciones cambiantes, adecuandose lo mas rapido posible a las nucvas

condiciones metabolicas. En este sentido, proponemaos al ciclaje de la glutamina
como un mecanismo que permite a la bacteria direccionar el flujo metabdlico
hacia la utilizacion de fuentes alternativas de carbono (aminoacidos, glutamina
en especial) cuando otras fuentes de carbono no estan disponibles o son
limitantes; o bien, cuando la fuente de carbono no ¢s limitante, redireccionar el

flujo metabodlico hacia la biosintesis de aminoacidos u otros metabolitos

nitrogenados a partir de glutamato y glutamina: si hay

disponibilidad de
fuentes de carbono, aumenta el piruvato y el 2-oxoglutarato, lo que inhibe la
degradacion de la glutamina por la glutaminasa A, lo que permite que ésta sea

utilizada para la biosintesis de otros aminoacidos u otros compuestos
nitrogenados; si la fuente de carbono se torna limitante, la glutamina pucde ser
utilizada como fuente de carbono, para soportar el crecimiento bacteriano.

El ciclaje de la glutamina provoca un gasto de energia que, en
condiciones nutricionales optimas -como las proporcionadas e¢n laboratorio-
efectivamente no tiene un significado fisioldgico importante, el gasto es inutil;
sin embargo, parece haber sido seleccionado naturalmente por permitir a la
bacteria una adecuacién a los cambios en las condiciones nutricionales, aun a
expensas del gasto energético que representa.
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La glutaminasa A en la simbiosis

Las glutaminasas operan en bacteroides de R. erli, lo que sugiere quc sus
actividades pueden ser importantes cn el proceso de simbiosis y fijacién de
nitréogeno (Duran & Calderén, 1995; Duran et al, 1995; Duran et al, 1996). En
experimentos de simbiosis entré la mutante LM16 y P. vulgaris, se ha
encontrado que los bacteroides acumulan glutamina y su poza de glutamato se
presenta baja en relacion a bacteroides de la cepa silvestre, lo que nos indica
que la glutaminasa esta operando durante el proceso de la simbiosis y la
fijacion biolégica de nitrégeno (Duran & Calderon, 1995; Duran et al, 1995). La
actividad especifica de glutaminasa encontrada en nddulos es tan alta como
cuando la bacteria crece en glutamina como unica fuente de carbono y
nitréogeno. Con el fin de comprobar que la actividad de glutaminasa encontracda
en bacteroides corresponde a la glutaminasa A de R. etli, llevamos a cabo
experimentos de infeccion de P. wvulgaris con las cepas CE3glsAGUS,
LM16glsAGUS y sus respectivos controles con las construcciones antisentido.
Como resultado obtuvimos una alta induccién de la expresion de glsA en
bacteroides de la cepa silvestre, que se incrementd de manera importante en
bacteroides de la mutante LM16, 1o que demuestra que la expresion de glsA se
induce durante la fijacion biologica de nitrégeno (Fig. 6). Sin embargo, la
mutante LM 16 nodula y fija nitrogeno atmosférico de manera similar a la cepa
silvestre. El fenotipo simbiodtico de la LM16 sugiere que la actividad de la
glutaminasa A no es relevante para la nodulacion y la fijacién de nitrégeno,
pero cabe la posibilidad que la actividad de la glutaminasa B compense —aun de

manera parcial- la ausencia de la glutaminasa A durante la simbiosis.
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Act, Esp. GUS
2
°

o =] _
CE3gIsA/ISUG CE3gisA/IGUS LM16gIsA/IGUS

Fig. 6. Expresion de glsA (GUS) en nédulos
Se obtuvieron los nédulos de S plantas después de 30 dias de ser inoculadas
con las respectivas cepas. Sc muestran los errores estandar

La actividad especifica se calculé respecto a la proteina total del nodulo.

El catabolismo de aminoacidos ha sido ampliamente estudiado como un
punto de interaccion entre el metabolismo del carbono y del nitrégeno durante
el intercambio simbiodtico bacteroide-leguminosa. Kahn y colaboradores han
propuesto que la fuente de carbono que le proporciona la planta a la bacteria
durante la simbiosis puede incluir a los aminoacidos (Kahn et al, 1985); Rastogi
¥ Watson, reportaron que mutantes de R. rneliloti incapaces de crecer en
aspartato, no fijan nitrégeno debido a la deficiente actividad de una aspartato
aminotransferasa, lo que indica que el metabolismo del aspartato es esencial en
¢l noédulo (Rastogi & Watson, 1991); En bacteroides de Bradyrhizobium
Japonicum, se ha encontrado que la glutamina, la asparagina, el glutamato y el
aspartato estimulan la fijacion de nitrégeno (Kouchi et al, 1991). Estos
resultados sugieren que en la relacion metabdlica entre la planta y la bacteria,
pueden estar involucrados los aminoacidos, como la glutamina (Duran &
Calderéon, 1995; Duran et al, 1995, Huerta-Zepeda et al, 1996; Kahn et al,
1985; Rastogi & Watson, 1991).




Se han reportado una gran cantidad de estudios referentes al transporte
de aminoacidos en bacteroides aislados, donde se observa la acumulacion de
ciertos aminoacidos. Se ha descrito para R. leguminosarum la existencia de una
permeasa general de aminoacidos (Aap) que transporta una amplia variedad de
aminoacidos (glutamato, aspartato, prolina, histidina y aminoacidos alifaticos).
Dicho transportador parece ser el principal sistema de regulacion de entrada y
salida de aminoacidos del bacteroide; sin embargo no es el inico: mutantes que
no expresan Aap incorporan glutamato, alanina y leucina. (Day et al, 2001;
walshaw & Poole, 1996). Para el caso de la glutamina, no se ha descrito la
existencia de un transportador especifico, sin embargo consideramos que esa
posibilidad atn persiste.

La glutamina y su recambio ocurren activamente en bacteroides, como lo
demuestra la acumulacion de glutamina y un bajo contenido de glutamato en
bacteroides de la mutante LM 16, en comparacion a las pozas de aminoacidos
encontradas en bacteroides de la cepa silvestre (Duran et al, 1995). Es posible
que la glutamina sea proporcionada por la planta al bacteroide, en base a la
alta actividad de glutaminasa A encontrada en bacteroides y a la relativamente
baja actividad de GS’s encontrada en los mismos durante la simbiosis.

Si durante ¢l proceso de simbiosis entre R. etli y P. vulgaris la “moneda
metabdlica” que reconocen ambos organismos son los aminoacidos, la
glutaminasa A puede tener un importante papel en la utilizacion de la
glutamina como fuente de carbono para el bacteroide, proporcionada por la
planta, o bien, en el recambio de compuestos nitrogenados a partir de la
catalisis de la glutamina como un donador primario de nitréogeno.

En este sentido, recientemente se ha retomado la propuesta de Kahn
referente al aporte de aminoacidos de la planta al bacteroide (Lodwig et al,
2003). Se propone que existe un complejo intercambio de aminoacidos entre la
planta y el bacteroide, el cual es esencial para la fijacion de nitréogeno: la planta
provee de glutamato (o posiblemente glutamina) al bacteroide, el cual sintetiza

aspartato que es exportado a la planta, para la sintesis de asparagina. Este
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intercambio permite que la planta controle el aporte de glutamato al bacteroide
en funcién al aspartato que toma de regreso; mientras que ¢l bacteroide
manticne la relacién como mutualista debido a que la planta depende cel

aporte de aspartato que proviene del bacteroide

Implicaciones biotecnolégicas del ciclaje de la glutamina

Los ciclos de sustrato se han estudiado ampliamente a fin de darles
significado biologico. La compleja red metabdlica en la que operan los ciclajes
dificulta la interpretacion de su papel, aun mias cuando dicho papel se evaltia
en condiciones ambicntales controladas ¥y con exceso de nutrimentos, como las
provistas en laboratorio (Huerta-Saqguero et al, 1998). Los ciclos de sustrato
han sido seleccionados como posibles puntos regulatorios del flujo metabolico
bajo controles muy estrechos de las enzimas participantes (control alostérico
reciproco, modificacion covalente, diferentes constantes cataliticas, etc.) a fin de
reducir al minimo la pérdida energética, sin alterar la plasticidad del sistema
para responder a cambios en las condiciones metabélicas de manera inmediata
({Stein & Blum, 1978).

En este contexto, la ocurrencia del ciclaje de 1a glutamina en R, etli puede
justificarse como un mecanismo de adaptacion a las condiciones cambiantes
del medio, que en condiciones de laboratorio parcece una simple pérdida de
energia inatil, como ya se discutio en el manuscrito anexo.

La mutante LM16, cuyo gen gisA fue interrumpido mediante la insercion
de un transposén TnS, presenta un mayor rendimiento en biomasa producida
de un 7 a un 10% respecto al rendimiento encontrado para la cepa silvestre.
Estos porcentajes —aparentemente bajos- pueden tener implicaciones
biotecnologicas nada despreciables: si la ocurrencia de los ciclajes en
microorganismos de interés biotecnolégico, -como los utilizados para la

obtencion de biomasa, para la sobreproduccion de aminoacidos, antibiéticos,
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polimeros, etc.- son interrumpidos mediante mutaciones dirigidas a las enzimas
catabdlicas participantes en el ciclaje, es posible incrementar su rendimiento
siempre y cuando se logre direccionar el ahorro energético hacia las vias
metabdlicas adecuadas o incluso hacia el crecimiento.

El ciclaje de la glutamina en la naturaleza ¢regla o excepcion?

Se ha propuesto la ocurrencia del ciclaje de la glutamina en diferentes
microorganismos, como se describio anteriormente. Existe la posibilidad que
dicho ciclaje se presente como un mecanismo favorecido evolutivamente, En
este sentido, la glutamina es un compuesto clave en el metabolismo celular, y
sus vias de sintesis y degradacion son similares en practicamente todos los
microorganismos estudiados. La secuenciacion de genomas que actualmente
son liberados en el GenBank nos permiten determinar la existencia de
glutaminasas en diferentes organismos y abren la posibilidad de explorar la
ocurrencia del ciclaje de la glutamina ¢n los mismos. Como ecjemplo de lo
anterior, baste decir que existen alrededor de 70 microorganismos diferentes
que presentan en su genoma sccuencias de probables glutaminasas, muchos
de los cuales presentan genes que codifican para dos isoformas. Las
glutaminasas se presentan también en eucariontes, desde unicelulares hasta
organismos mas complejos como el Homo sapiens.
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Abstract

The present study determines the regulatory mechanisms that operate on RhAizobiwm el
glutaminase A. Expression levels of the g/s4 gene under several metabolic conditions were
evaluated by fusions of the g/s4 gene promoter and the transcriptional reporter cassette wic42-
aad. glsA expression was directly correlated to the glutaminase A activity found in the tested
growth conditions reaching its maximum level jn the presence of glutamine and during the
exponential growth phase. Glutamine induces g/s4 expression.

The influence of allosteric metabolites on glutaminase A activity was also determined. The
purified enzyme was inhibited by 2-oxoglutarate and pyruvate, while oxaloacetate and glyoxylate
modulate it positively. Glutaminase A is not inhibited by glutamate and is activated by
ammonium.

Glutaminase A participates in an ATP-consuming cycle where glutamine is continually
degraded and resynthesized by glutamine synthetase (GS). GS and glutaminase A activities
appear simultaneously during bacterial growth under ditYerent metabolic conditions and their
control mechanisms are not reciprocal. Slight overproduction in glutaminase A expression causes
a reduction in growth yield and a dramatic decrease in bacterial growth.

The determination of the glutaminase A regulatory mechanisms allows to propose that the
energetic cost represented by glutamine cycling is justified. since it could be a mechanism that
allows bacteria to direct the metabolic flow towards the use of alternative carbon sources (amino
acids, particularly glutamine) when other carbon sources are not available, and redirect the
metabolic flow towards the biosynthesis of amino acids or other nitrogenous compounds from
glutamine, with unlimited carbon source.

1. Introduction

Glutamine plays a central role in the nitrogen metabolism of micro-organisms and is the final
product of ammonium assimilation. 1t is synthesized by glutamine synthetase (GS) from
ammonium and glutamate. Rhizobium c¢ili assimilates ammonium mainly through the GS-
glutamate synthase (GOGAT) pathway [1,2). In these symbiotic nitrogen-fixing bacteria, three
diftferent GS isozymes have been described that differ in their regulation and their role in free-
living and symbiotic states: GSI activity is induced when the organism is grown on a rich
medium, whereas GSII activity is induced and regulated by nitrogen in minimal medium [1,3]. A

third GS has been reported but its physiological role remains unclear [3.4].
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In K. erli, glutamine is assimilated by transamidation reactions. It can also be converted 1o 2-
oxoglutarate and ammonium by the enzymes of the glutamine transaminasc-w-amidase pathway.
R. erli glutamine transaminase may play a role in the irreversible synthesis of glycine, alanine and
other amino acids [5]. Additionally, in R. e#/i, glutamine is degraded by two glutaminases (EC
3.5.1.2) that catalyse the hydrolytic deamidation of glutamine resulting in the production of
glutamate and ammonium. Glutaminase isozymes differ in regulation, clectrophoretic mobility
and thermostability [6]: a thermolabile glutaminase A, which is positively regulated by glutamine
and negatively regulated by the carbon source; and a constitutive and thermostable glutaminase
B. Glutaminase A plays a catabolic role in the degradation of glutamine to carbon skeletons and
to maintain the optimal balance between glutamine and glutamate, the universal nitrogen donors
of the cell. Also, in K. etli bacteroids, glutamine is degraded by glutaminase during symbiosis
with Phascolus vidgaris {6.7).

The ammonium released from glutamine by glutaminase and transaminasc-w-amidase
activities is assimilated by GS. thus leading to the cpcration of a glutamine cycle where
glutamine is continually synthesized and degraded at the expense of ATP [5.6.7.8]. Several
functions have been proposed for the glutamine cycle [2,9.10,11,12,13]: a way 10 rapidly regulate
the intracellular glutamine pool and thus control the rate of synthesis and degradation of cellular
nitrogen compounds; a general way to take up or release the carbon skeletons of organic nitrogen
metabolites; a way of maintaining the optimal balance between glutamine and glutamate: for
enerpy dissipation: to expend energy to induce carbon flux and generate more energy: and to
allow continuous ATP usage and drive an effective carbon flow that supports growth,

Although glutamine synthesis regulation has been extensively studied in K. es/i. less is known
about glutamine degradation regulation. despite the fact that glutamine concemtration is the result
of its synthesis and degradation. Since glutaminase A has the highest glutamine-degrading
activity in a variety of growth conditions during exponential phase and in bacteroids -which
supeest its activity could play an important role in glutamine cycling and during symbiosis-, it
was of interest to determine whether glutaminase A activity is regulated at molecular level, to
gain insight into glutamine substrate cycle regulation. The aim of the present work was to
determine how glutaminase A is regulated at transcriptional and posttranslational levels.

We presently propose a regulation model of glutaminase A, and its contribution to glutamine
cycle regulation is discussed.




2. Miateri

and methods
2. 1. Bacterial strains, plasmids and growth conditions

Bacterial strains and plasmids used in this study are listed in Table 1. RAizobinm strains were
grown aerobically at 30°C in rich medium (PY) or in minimal medium (MM). The nitrogen and
carbon sources in MM were used at a concentration of 10 mM. [fischerichia coli strains were
grown aerobically at 37°C in LB broth. When neceded, antibiotics were added at the following
concentrations (tt1g/ml): Nalidixic acid (Nal, 20), Streptomycin (Sm, 200), Kanamycin (Km, 30).
Spectinomycin (Sp, 200), Carbenicillin (Cb. 150), Tetracycline (Tc, 10), Cloramphenicol (Cm.
20). Antibiotics, nitrogen and carbon sources and IPTG were purchased tfrom Sigma Chemical
Co.
2.2. DNA Moanipudations

Recombinant DNA standard techniques were used [14]. Restriction enzymes, alkaline
phosphatase and T4 ligase were purchased from GIBCO-BRL. Plasmid DNA was isolated trom
I, coli by standard procedures and mobilized into X, ¢//i cells by conjugal matings,
2.3, Transcriptionel fusions glsA.GUS

Transcriptional fusions with the widA 2-aad cassette (tfrom plasmid pWMS5) and /s promoter
were constructed. w#idA2 encodes for GUS, which catalyzes the hydrolysis of B-glucuronides.
1nidA2-aad cassette [15] was obtained by Sacl digestion of pWNS and cloned into unique Sucl
site in the g/sA structural gene contained in pLAFRI1 cosmid (pCD2.1) [16]. The Sacl site is 90
bp downstream trom the gisA ATG start codon. The new constructions have 555 bp preceding the
LisA structural gene which presumably comtains the g2/sd promoter region as indicated by the
elutaminase activity regulation found in CE3/pCD2.1 and LM16/pCD2.1 strains similar to that
found in the CFN42 wild-type strain previously reported by Calderdn et al [16]. We selected two
constructions that differ in their orientation from the g/sA promoter, one in the same orientation
(psz/sA/GUS) and the second anti-sense (pe/sA/SUG). used as a control. The new constructions
were mobilized into K. ¢1/i CE3 and LM 16 celis by conjugal matings.
2.4, FGlucuronidase activity assay

pB-Glucuronidase assays employed 4-methyl-umbelliferyl-B-D-glucuronide (Sigma) as a
substrate along with sonicated cell extracts as described elsewhere [17]. Samples of 100 ul were
taken at three time points between § and 20 min and then mixed with 900 nl of stop bufter (0.2 M

Na2C0,). Fluorimetric determinations were made with a Perkin- Elmer LS-5 (excitation




wavelength 360 nm; vcl’nis’sion wavelength 446 nm). The fluorimeter was calibrated with 9-
mc(hylumhclli!y'cronbc smnda'rds.'Speciﬁc erizyme activity " in: cell exlrn;ts' }vk&s c;:prcsscd as
nanomoles of 4-methylumbelliferone min™' mgP™'. Protein content was detcrmiﬁ‘ed by Bradford
assays [9]. B

2.5. Purification of R. eili glutaminase A

Recombinant (Hisg)-glutaminase A produced in £ coli .IMIO)/ AH\ \v'ls’ punf'ed to

homogeneity by metal-affinity chromatography as previously descrlbed L 8]

2.6, Determi it of gl inase and GS activities 2 R o
Glutaminase activity was assayed as described elsewhere [18] Symh thase ctnvny of GS was
assayed at pH 7.6 as described by Bender et al [19].

2.7, Posttransicational regrulati FY/ inase A

We explored the possible influence of allosteric t.ﬂu:tor; on Lenzyme acuvuy of - purified
glutaminase A. Adenine nucleotides ATP, ADP, AMP, NAD" nnd NADH (lrom 0.1 to 10 mM):
glutamate, ammonium, tricarbexylic acid intermediates (2-qxcblu(nrate. suceinate, tfumarate,
malate, oxaloacetate), pyruvate, glyoxylate, and divalent cations (Ca, Mg, Mn) (from 0.1 to 50
mM), were evaluated as allosteric eftectors.

2.8, Growih yield and succincate consumprion

Succinate consumption was measured employing cell-free MM from 20 h growth bacterial
strains as a substrate for succinate dehydrogenase activity. Oxygen-consumption by succinate
dehydrogenase activity was proportional to non-degraded succinate of growth media and was
measured by an oxymeter. Reaction bufler was Sucrose-Hepes-EGTA (SHE, pH 7.6) and sodium
dithionite was cmployed as a standard. Succinate dehydrogenase enzyme was obtained from
partially-purified heart-tissue sub mitochondrion particles. Succinate consumption was calculated
by subtracting non-degraded succinate 1o initial succinate supplemented to growth media.

Bacterial growth was monitored spectrophotometrically at 540 nm and measured by total-
protein determination according to the method by Lowry et al [20].

2.9. Overproduction of R. eili glutaminase A and 2. coli gluiaminase A

We cloned the g/s4 gene from K. edli (that encodes for glutaminase A, 18) and the g/s4 gene
from £ coli (that encodes for glutaminase A) in the wide-host-range pMMB206 cloning vector
(Table 1). pMMB206 has an hybrid promoter Tac-lacUVS5 that allows controlled expression of
glutaminases i vivo. The R edi gisA gene was amplified by PCR with oligonucleotides that




introduce new restriction enzyme sites at both sides of the structural gene (BamH 1 and Hindill
sites, respectively; 18). The £ coli glutaminase A gene amplificd by PCR was clqncd into
pUCI8 BamHI-ficoR]1 sites. (Oligonucletides 11 and 12). The cloned gene was transferred to
PMMB206 into Bami1-Hindl1l sites. The designed oligonucleotides were named as follows: (5°
to 37): 11.-CGCGGA TCCATG TTAGAT GCAAAC: 12.-CGGAAT TCAGCC CTTAAA
CACG. :

Growth determinations of CE3 (WT) and LM16 mutant and of both strains carrying p6g/sd or
pégisAcoli were done in PY and MM. For MM we tested glutamine-succinate, ammonium-
succinate and glutamine as nitrogen and carbon source, with and without IPTG as inducer. GS
and giutaminase activities were determined for each strain.

3. Results

3. 4. Transcriptional regulation of gl incse A

To evaluate the trascriptional regulation of g/sA. we constructed transcriptional fusions with the
1idA 2-aad cassette and glsA4 promoter. GUS and glutaminase enzymatic activity determinations
were performed for CE3. LMI16, CE3pglsA/GUS, LMI6pglsA/GUS, and the antisense
CE3pu/>xA/SUG and LMI16purisA/SUG R. ctli strains. All strains were grown for 16 or 24 h in
MM with ammonium-succinate, glutamine-succinate or glutamine as nitrogen and carbon
sources. GUS activity of CE3pgisA/GUS for the different growth conditions was directly
correlated with glutaminase activity of the same strain (Fig. 1). The expression of g/sA reached
maximal values in the presence of glutamine and during the exponential growth phase, while its
expression decreased in the stationary phase. LM 16pu/sA4/GUS showed similar activity values as
CE3pulsA/GUS, except in glutamine as sole carbon and nitrogen source, where it did not grow
(data not shown). Strains with the anti-sense constructions (CE3pg/s4/SUG and
LM16puisA/SUG) exhibited activity below 20 nmoles min"'mgP™, for all conditions (not shown).

The expression of g/sx4 (GUS) under different growth conditions correlated with glutaminase A
activity as shown in Table 2. Maximum glutaminase A activity and g/s4 expression, taken as
100%, were shown in media with glutamine as sole carbon and nitrogen source. With glutamine
as nitrogen source, y/s4 expression was high independently of the carbon source. With glutamate
as sole carbon and nitrogen source, glutaminase A activity is similar to that observed in
glutamine, while GUS expression is 30% lower, which could be due to glutamate confers

stability to the enzyme as we showed previously [18]. Glucose exerted a negative influence in




s in comparison to succinate as carbon source. Glutaminase ‘A ‘activity and GUS
expression under the tested growth conditions were considerable suggesting that glutaminase 'A
activity is important for the metabolic turnover of nitrogenous compounds. (tfor ;ltgtnncé. amino
acids) during the exponential growth phase, and to mantain the: optimal balance berween
glutamine and glutamate as we reported previously [S] S 8

3.2. Allosteric control of R. eddi ghetaminase A

Glutaminase A was purified to homogeneity by recombinant methods [18]." The Kinetic
parameters were determined (Km and Vm) and the influence of probable allosteric maodulators,
tested. The products of glutaminase A activity -glutamate and ammonium— did not inhibit
enzymaltic activity; morcover, ammonium activates glutaminase A (Ka=1 mM1). Glutaminase A
was not modulated by ATP, ADP, AMP, NAD', NADH, or divalent cations. as opposed to /.
coli glutaminase B activity, which is altered by the presence of adenine nucleotides and divalent
cations [25]. Metabolites that influence purified glutaminase A activity are shown in Table 3.
Important inhibition is exerted by 2-oxoglutarate and pyruvate (60 and 50% respectively) . while
oxaloacetate and glyoxylate behave as positive modulators of the enzyme (increasing its activity
by 30%). The sigmoidal kinetic behavior of glutaminase A suggests cooperativity between
subunits, and its analysis resulted in a Hill coefficient of 2 (not shown).

3.3 In vive conrolled expression of R. etli glutaminase A and 2. coli glutcminase A in CIZ3 aned
IAL16 Strains.,

Glutamine cycling suggests an important loss of energy due to glutamine degradation by
glutaminase A and glutamine re-synthesis via GS. This energetic cost could at¥ect growth yield
or bacterial fitness unless the participating enzymes were subject to transcriptional and/or
posttranslational antagonistic control. In this sense, the comparative growth yield of CE3, ILM16
and overexpressed glutaminase A strains provided information about control mechanisms and the
energetic cost due to the overexpression of glutaminase A activity. Considering that the effect in
bacterial yield and fithess in enzyme-overexpressed strains (i.e. glutaminase A) could be due to
overexpression per se¢ and not only to enzymatic activity, we constructed the plasmid p6g/~-{coli
(PMMB206 harbouring the [ coli giutaminase A structural gene) as overexpression control
(Table 1). /£ coli glutaminase A has similar size to R. c#li glutaminase A (310 and 309 amino
acids, respectively). /2. coli glutaminase A is active at pH 5, while at physiological pH (6.8-7.2) it
is inactive.




Growth kinetics were determined of CE3, LMIG, CE3pGu/sA, Ln\lleG.Ql.\'A, CE3p6urisAcoli
and LM 16p6grisAcoli strains in PY and MM with ammonium-succinate, glutamine-succinate and
glutamine as carbon and nitrogen source. In PY and glutamine-succinate, strain growth did not
show significant differences. In MM with glutamine as sole carbon and nitrogen source, CE3,
CE3p6yuisd and CE3p6u/sdcoli strains showed no significant diftferences in growth, LM16 does
not grow on glutamine as sole carbon and nitrogen source because it has no glutaminase A
activity [5.6]. LM 16p6uis-coli, despite containing the

coli glutaminase A plasmid, did not
grow on that medium: glutaminase activity was determined, and LM 16p6gisAcoli showed high
glutaminase activity at pH 5, which was undetectable at physiological pH (it can therefore not
complement the lack of K& er/i glutaminase A) (data not shown), In MM with ammonium-
succinate as nitrogen and carbon source. growth of CE3. LM16, CE3p6gisA and CE3pou/s-Acoli
strains did not reveal significant differences (Fig. 2, panel A): on addition of 0.05 miM IPTG as
inducer of the expression of the genes givd (R edi glutaminase A) and g/sedcoli (2 coli
glutaminase A) an important reduction is observed in the growth of CE3p6u/se strain, but not of”
CE3p6uis-Acoli (Fig. 2, panel B). The energy expenditure of strains with plasmid pMMB206 do
not represent observable influence on growth. Also, the induction of /. col/i glutaminase A in
CE3p6gisAcoli. as well as in CE3pMMB206 and LMI6pMMB206 did not show significant
diftferences in growth with respect to CE3 and LM 16, while the decrease of nearly 50% in growth
of CE3p6uisA strain may be ascribed to overexpression of glutaminase A activity, which causes
glutamine degradation to be very efficient with the concomitant rise in re-synthesis via GS. with
ATP and reducing power consumption.

The differences tound in the growth kinetics of these strains lead us to determine their growth
yield (Table 4). CE3, LMI16, CE3p6g/s4 and CE3p6gl/sAcoli strains were grown in MM with
ammonium-succinate as carbon and nitrogen source for 20 h, with and without IPTG as
overexpression inducer. Total protein was quantified as growth parameter and succinate
consumption as indicated in Materials and Methods. The ratio between succinate consumed and
micrograms of total protein produced was taken as the yield, considering CE3 as 100%. When
strains were grown on ammoniume-succinate no significant differences were observed in the yield
of CE3 and CE3p6g/sAcoli, LMI16 strain showed a slight but constant increment of 7%, while
CE3p6yuisA showed a decrease of 14% with respect to CE3 even in absence of IPTG (Table 4).

Plasmid pMMB206 has a low copy number and its basal expression is low because it contains the
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sene that codes for the repressor Jac/t (26). When grown on ammoniume-succinate + 0.03 mM
1IPTG, LM16 showed a 12% higher yield than CE3, while a much larger decrement in yield was
observed in CE3p6g/sA of up to 42% with respect to CE3. Succinate consumption of CE3pagisA
and CE3p6gisAcoli strains was equivalent and slightly lower to that of CE3 (178, 172 and 200
pmoles succinate ml*' respectively) while total protein production of CE3p6u/s4 was clearly
lower (40 vs 78 pgP ml™' of CE3).

3.4, GN and gintaminase activity of CE3, LA 16, CE3p6UISA and CE3p6gisdcoli strains

Differences between bacterial growth of CE3 and CE3p6g/sA4 in the induction of glutaminase
A overproduction (Fig. 2 panel B). as well as differences in their growth yield (Table 4) suggests
an increase in the speed of break down and re-synthesis of glutamine, with the consequent
energetic cost which transiates as low vield in CE3p6g/sd strain. Therefore, glutaminase and GS
enzymatic activities were determined ot CE3, LMI16, CE3p6g/sA and CE3p6u/s-coli grown for
20 h in ammonium-succinate, with and without IPTG.

Glutaminase and GS enzymatic activities of the different strains are shown in Table S The
lack of glutaminase A in LMI6 is reflected by its low glutaminase activity, which does not alter
the GS activity when compared with activity found in CE3. CE3p6g/sA without inducer shows
three times more glutaminase activity than the wild type. which does not have an effect on GS
activity either. However, overexpression of glutaminase results in 15 times higher activity. which

causes an imporntant increase in GS activity (from 3 1o 15 nmoles min™! mgP™"). This shows that

when glutamine catalysis is increased. its synthesi increased with the consequent energy cost
which translates as a dramatic decrease in growth (Fig. 2). Overexpression of £. coli glutaminase
A did not produce significant changes in enzymatic activity of glutaminase or GS (Table 5)
4. Discussion

In R. ¢rli, ammonium assimilation and glutamine synthesis is carried out by the GS-GOGAT
pathway and glutamine is degraded by various enzymes., among them glutaminase A, which
gives origin to a futile cycle of simultancous synthesis and break down of glutamine with ATP
consumption [8]. It has been suggested that glutamine cycling is necessary to maintain the
continuous use of ATP to generate an effective flow of carbon for growth [27,28]. The interaction
between carbon metabolism and glutamine synthesis has been shown: in glutamine-succinate,
glutamine synthesis favours the use of succinate, while in glutamine —where it is present in

excess— its synthesis is restricted and it is used as source of energy [5.8). However, in
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ammaonium-succinate, glutamine cycling has no apparent function. Glutamine cycling is a very
attractive model of metabolic regulation, in which glutamine biosynthesis and the regulation of
GS’s has been extensively characterized. however, the catabolic pathway has not been studied.
and this is why we investigated the regulatory mechanisms that operate on glutaminase A.
Glutaminase A is the enzyme with the greatest glutamine catalysis capacity: it is indispensable
for use of glutamine as carbon source and to maintain the intracellular balance of the universal
donors of nitrogen, glutamine and glutamate {5].

Enzymatic activity of glutaminase A varies under different culture conditions, the highest
being in presence of glutamine and during the exponential growth phase (Fig. 1). Expression of’
sisA is induced by the presence of glutamine in the culture medium and varies in the ditfferent
growth phases in direct correlation with glutaminase A activity (Fig. 1). It is imporntant to
mention that g/sAd expression is largely present under all tested growth conditions, which suggests
that glutaminase A is a key enzyme in the nitrogen metabolism of the bacteria (Table 2).
Maximal induction of g/s4 was observed in glutamine as sole carbon and nitrogen source, a
condition in which glutamine synthesis is inhibited and, thus, cycling is reduced allowing the use
of the glutamine carbon skeletons while ammonium excess is secreted to the culture medium
(5.8). In glutamine-succinate, g/sA expression as well as enzymatic activity of glutaminase A is
also high, which allows the use of glutamine as carbon and nitrogen source, although it has been
demonstrated that K. ctfi oxidizes succinate in preference to glutamine [8]. In this growth
condition. GS1! is induced, thus, glutamine cycling is proposed as a reaction to dissipate energy.
that helps drive the utilization of succinate [8,12,29.30]. In ammonium-succinate, g/sA expression
and glutaminase A enzymatic activity are lower compared to the previous conditions; in spite of
this, glutamine synthesis and break down occur simultaneously as shown by Encarnacion et al
[8]. The presence of glutaminase A in these conditions has no apparent signiticance but the
useless expenditure of energy. unless regulatory mechanisms exist that maintain the enzymatic
activity of glutaminase A at basal levels or there is antagonistic control between GS and
glutaminase A activities. Considering the need to define the mechanisms that regulate the
glutaminase A enzymatic activity, we determined the influence of possible allosteric modulators.

inhibition by 2-oxoglutarate and pyruvate (Table 3) suggests a strong relationship between
carbon metabolism and glutamine utilization. When the amount of available carbon increases, the

concentration of pyruvate and 2-oxoglutarate does so as well and this inhibits glutaminase A
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activity allowing glutamine to be used by an alternative pathway (for example, the glutamine-w-
amidase transaminase pathway) as nitrogen donor, using 2-oxoacids for the synthesis of amino
acids, as in 8. cereviviae [31]. On the other hand, when the amcunt of available carbon decreases,
GS activity falls and the withdrawal of TCA cycle intermediates for anabolism should be
replaced. Rhizobia contain a variety of anaplerotic enzymes which function in this capacity [28].
In this scnse, oxaloacetate and glyoxylate could be incorporated to TCA cycle by aspartate
catabolism and the glyoxylate bypass, respectively [32]. Concomitantly. giutaminase activity
increases to allow glutamine can be used as carbon source. Activation of glutaminase A by
ammonium allows bacterial growth on glutamine, a condition in which large amounts of
ammonium are secreted [5]. Evaluation of the growth yield of CE3 and of LM16 in ammonium-
succinate revealed a yield for LM16 greater in 7% with respect to the WT. which suggests that
glutamine cycling implies an important encrgy cost for bacteria. It we manipulate glutamine
cycling by overexpression of the glutaminase A activity under the control of an inducible
promoter, we can overcome the regulatory mechanisms of the enzyme at transcriptional and
allosteric level., which allows us to amplify the energetic cost of cycling. An increase in the
expression of glutaminase A causes a rise in GS activity in the strain CE3p6y/~sA (Table 5) anda
dramatic decrease in growth (Fig. 2). The fall in growth of CE3p6yu/sA is specifically attributed to
the elevated glutaminase A activity, and not to overexpression per se, since it was used as control
. coli glutaminase A overexpression, which was cloned and overexpressed in the same vector.
K. coli glutaminase A is not active at physiological pH. therefore, cycling did not increase nor
present significant influence on the yield of CE3p6g/sdcoli with respect to the WT (Table 5. Fig.
2).

The habitat of K. ¢#/i is soil and it can establish a symbiotic relationship with 2. varlgaris. In
free life, nutrient conditions may vary imponantly and bacteria must therefore maintain a
metabolic plasticity that allows them to confront these changing conditions, adapting as quickly
as possible to the new metabolic conditions. In this context, we propose glutamine cycling could
be a mechanism that allows bacteria to direct their metabolic flow towards the use of alternative
carbon sources (amino acids, specifically glutamine) when other sources are not available or are
limiting; or else, when the carbon source is not a limiting factor, to redirect the metabolic flow
towards the biosynthesis of amino acids or other nitrogen metabolites from glutamate or

glutamine (Fig. 3). If carbon sources (as succinate or glucose) are available there is a rise in
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pyruvate and 2-oxoglutarate, which inhibits the break down ofglulamine‘ by‘glulaminnse A :mdh

allows it to be used in the biosyntﬁesis pf amino acids and other nitrogen compounds.rlt‘ the

carbon source becomes the . limiting factor. glutamine can be ‘used as carbon source and
glutaminase A expression is induced, enzymatic activity increases and this leads to bacterial
growth,

Glutamine cycling caused an energy loss that, under optimal nutritional conditions, such as
those provided in the laboratory, does not imply important physiological significance: however, it
could be selected to allow bacteria to adapt to the changes in nutritional conditions, in spite of'the
energetic cost it represents.
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TABLE 1. Bacterial strains and plasmids used in this study

Strains Relevant phenotype References

I coli

S17-1 recAd, endA, thi, hsdR, RP-2-Te:Mu::Tn7, Tp'. Sm’ 21

JM109 recAl, reldl. suplo+4, A(Iur.‘-/n'nAH:). [F°. trald3e6, 22
ProAB, lacrZAM1S5)

R etli

CFN42 Wild type. Nal* 23

CE3 Derivative of CFN42 wild type. Nal”, Sm" 23

LMIG Derivative of CE3. g/sA::TnS. Nal, Sm", Km" 7

Plasmids

pTrcHis His-tag expression vector. Amp’. Cb" Invitrogen

pWMS Derivative of pUCI1318. Q widA2-aadA. Sp’, Sm" 15

pLAFRI] Wide-host-range cloning cosmid. mob”, tra’, Inc, Tc" 24

pPMMB206 Wide-host-range cloning vector. Cm" 22

pCD2.1 2.1 Kb Hindlll fragmemt containing R. ¢tli yi/sA gene in 16
PLAFR1

pulsA/GUS  Derivative of pCD2. 1. glsA o0 1idA 2-cacredAd This work

pulsA/SUG  The same as pulsA/GUS anti-sense widA 2-aadA cassette This work

pogsisA Derivative of pMMB206. Q R. eili yz/sA gene. This work

postisdcoli  Derivative of pMMB206. Q £, coli srisA gene. ‘This work
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TABLE 2. Glutaminase A and f3-glucuronidase activities of CE3pg/sx4/GUS strain in ditterent

growth conditions

Nitrogen and Glutaminase A’ B-glucuronidase
carbon source* activity (26)% activity (26)¢
Glutamine 100 100
Glutamine-Succinate 80 88
Glutamine-Glucose 60 72
Ammonium-Succinate 55 70
Glutamate 100 70
Nitrate-Succinate 75 67
Glutamate-Succinate 80 60
Aspartate-Succinate 80 60

*10 mM cach on MM,
Activity from protein extracts of strains after 16 h of growth.
€ Maximum activity for both enzymes was found in glutamine as a

sole carbon and nitrogen source and was considered as 100%.
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TABLE 3. Allosteric effectors of K. er/i glutaminase A

Effector Conc® Modulation % of modulation™
Oxaloacetate 10 Positive 30(5)
Glyoxylate 10 Positive 30 (8)
2-oxoglutarate 10 Negative 60 (13)
1 30 (6)
0.1 20(7)
Pyruvate 10 Negative 50 (10)
1 20 (4)
Fumarate Negative 30 ()

Y Effector concentration in mM.
* Percentage of specific activity increment/decrement
in reference of CE3 dialyzed extract without effectors.

SD is shown in parenthesis.
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TABLE 4. Growth yield and succinate consumption of X. ¢#/i strains

Strain Growth ugP mi? Succinate pmoles suce  Yield (%9)
condition consumption™* ngpt
CE3 Ammoniuin- 84 (7) 182 (8) 217 100
LMI6 Succinate 82 (4) 166 (5) 2.02 107
CE3pGuisA 67 (10) 169 (4) 2.52 86
CE3p6yis-coli 81 (6) 176 (11) 2.17 100
CE3 Ammonium- 78 (5) 200 (8) 2.56 100
LMI16 succinate + 71 (6) 162 (18) 2.28 1 I\Z
CE3p6gisd 0.05 mM IPTG 40 (9) 178 (1) 4.45 S8
CE3p6giscoli 67 (6) 1722(17) 2.57 99

“Expressed as pmoles succinate ml™ . All determinations were done from protein extracts of

strains after 20 hours of growth in MNM. Standard errors are shown in parenthesi
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TABLE 5. Glutaminase and GS activities of K. ¢z/i strains

Glutaminase activity” GS activity"
Strain + IPTG + 1PTG
CE2 58 56 2 2
LMI16 10 8 2 3
CE3p6glsA 146 B27 3 15
CE3p6glsAcoli 57 59 3 3

® Expressed as nimol ammonium min’T mgpP™.

k Expressed as nimol y-glutamyl hydroxamate vnirﬂ myuP!,

All determinations were done from protein extracts of strains after 20 hours pt'gro\wlm
in ammonium-succinate. The data represent the means of at least three different

determinations, with a standard deviation of <'5 %.
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FIGURE LEGENDS

FIG. 1. (A) Glutaminase and (B) B-glucuronidase activities of' /¢ ¢ctli CE3pu/s-1/GUS. Enzymatic
activities were determined from bacterial extracts grown at 16 h (exponential phase) and 24 h

(stationary phase) in three different MM. Both activities are expressed as nmoles min™! mgp”’

F1G. 2. Growth kinectics of @ CE3. = LMlG, & CE3pGulsA (carrying R. «rli glutaminase A) and
X CE3p6uisAcoli (carrying £ coli glutaminase A) str-:ki'ncpE'u':h slr'\in was grown aerobically in

A) ammonium-succinate or B) nmmomum— cm:m. + 0 Oﬁ mM IPTG Growth kinetics were

done at least lhree ume< Represenhuvc rc<u|ts are shown

F1G. 3. Metabolic ﬂow of';..,lunmme uullzanon

a) With carbon avallabxllly, lhc: ﬂow |s dxrccu.d to (hc blosymhcsls of nitrogen compounds.

b) In case of limited carbon lhe flow is dlrected lowards the Krebs cycle.
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