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INTRODUCCION.



Este trabajo forma parte del proyecto de investigacién

que sobre el metabolismo nitrogenado en el hongo Neurospora crassa

se ha desarrollado desde hace algunos anos en los laboratorios de
los Doctores Jaime Mora'y Rafael Palacios,>en el Instituto de In-
vestigaciones Biomédicaé Yy actuélmente en el Centro dé Investiga-
cibén sobre Fijacibén de Nitrégeno. Este proyecto . se ha enfocado
principalmente hacia la sintesis de glutamina, la cual se lleva a
cabo a través de la glutamino éintetasa (GS). Esta enzima juega
un papel fundamehtal en el metabolismo nitrogenado de la cé&lula,
ya que el producto de la reaccibn que cataliza (la glutamina), es
el principal donador de nitr&geno celular. Con el fin de que el
trabajo aqui presentado se ubique en un contexto general del meta-

bolismo nitrogenado en .la célula, se revisarin brevemente:

a) Las diferentes vias de asimilacién de amonio en diversos orga-

nismos y en Neurospora crassa.

b) El papel de la glutamina como donédor de nitfégenb‘celular.
c) Las caracteristicas de la reaccidn catalizada por la _glutamino
sintetasa.
d) Las caracteristicas de la glutamino sintetasa en diversos orga-
- nismos.

e) Las caracteristicas de la glutamino sintetasa en Neurospora.




Vias de asimilacibén de amonio.

Procariotes:
Por mucho tiempo se considerd que a través de la gluta--
mato deshidrogenasa (GDH) y la GS la célula incorporaba nitr&geno

en compuestos orgédnicos conforme a las ecuaciones I y II.

+

& -cetoglutarato + NH, + NADPH <—§E§—> ac. glutémico. (I)

+

4 é—sé—a glutamina. (II).

ac. glutémico + ATP + NH

No fué sino hasta 1970 cuando Tempest v col. en experi-

mentos con Klebsiella aerogenes encontraron en cultivos limitados

de amonio que la actividad de la GDH era menor que en cultivos no
limitados y que un minuto deépués de agregar 10mM de amonio a cul-
tivos limitados de este compuesto, la poza de glutamina aumentaba

25 veces} por otro lado la alta Km de la GDH y la baja de GS para

el amonio, los ilevé a proponer que la GS es la primera enzima de
asimilacidn de amonio y a describir la actividad de una enzima que
transfiere el grupo émido de la glutamina al X -cetoglutarato para
la sintesis de gluté@mico. Por ello la via de asimilacidn de émonio
a bajas concentraciones, en procariotes, es a‘través de las enzimas
GS y la glutamato sintasa (GOGAT), como se muestra en las reacciones

IIT y IV.

-4

st ATP &—Eg—i giu£amina. (I11)

ac. glutémico + NH

glutamina + & -cetoglutarato + NADPH €—§9952—9 2 gluté@mico. (IV)



Levaduras y Hongos.

Las enzimas GDH y GS hah sido estudiadas ampliamenté en
hongos. ‘La GDH existe como dos proteinas diferentes, una depen-
diente de NADH y la otra de NADPH; ambas tienen una afinidad ba-
ja por amonio (Km 10-50mM), pero se considera que la enzima depen
diente de NADPH es la responsable de asimilar el nitr&geno.

Por otronlado sé han hecho esfuerzos para determinar la
presencia de GOGAT en estos organismos. Roon y col., (1974) han

purificado la GOGAT de Saccharomyces cerevisiae, pero su funcibn

en la asimilacién de nitrb6geno es dudosa, ya que se encuentra en

muy baja concentracidén. Algunos miembros del género Schizosaccha-

romyces, presentan una actividad de GOGAT, que permite asegurar
que la via GS-GOGAT es la responsable de la asimilacidn de nitr6-
geno en este organismo (Brown et al., 1972).

Los estudios con 15N. de Folkes y Sims (1974) en C. utilis
demuestran que el 75% de la marca se incorpora inicialmente en glu-
témico y el 12-15% se incorpora posteriormente en glutamina, lo que
demuestra que en C. utilis, la asimilacidén de nitrdgeno es a través

de la GDH.

Plantas.

La distribucidén de las enzimas que participan en la asimi-
lacidn de nitrbégeno en los diferentes organelos celulares de la
planta, ha perﬁitido definir las vias de asimilacién de nitrbgeno en
las diferentes partes de la cé&lula. En esta forma general, se ha de
mostrado la presencia de actividad~de GS tanto en citosol como en
cloroplastos de hojas o pldstidos de raiz. E1 80% de la actividad

de GDH se localiza en mitocondrias, mientras que el 80% de la activi



dad de GOGAT estd presente en cloroplastos (Wallsgrove et al.,

1979)..

Hojas;

Experimentos de incorporacidn de 13N, realizados en
hojas de espinacas, tanto en la luz como en la obscuridad, mues
tran que la marca se incorpora inicialmente en el grupo amido de
la glutamina y posteriormente en el amino del glutdmico; esta in
corporacidn se bloquea al agregar metionina-sulfoximina (MS) que

inhibe la actividad de GS (Ito et al., 1978).

Raices.

Experimentos en raiz de arroz muestran que el tratamien
to con MS inhibe en un 90% la incorporacidn de 15N a glutamina
y un 77% a gluté@mico (Arima y Kurazawa 1977). Por otro lado,
Lewis (1977) ha encontrado que el lsN se incorpora inicialmente
a ia glutamina y posteriormente al glutdmico. En cultivos de te
jido, estudios con 15N demuestran que la marca se localiza en la
glutamina en los primeros 10 segundos y que sblo después de 30
segundos la marca se encuentra en el glutamico (Skokut et al.,
1978), ademé@s la adicidn de azaserina, inhibe la incorporacidn y
sintesis de glutdmico en un 99%.

Todos los datos anteriores, establecen que en plantas,
la via mas importante de asimilacidén de nitrbgeno es a través de

las enzimas GS y GOGAT.



Vias de asimilacifn de amonio en Neurospora.

Al igual que otros organismos, Neurospora presenta una

actividad de GDH dependiente de NADPH, que cataliza la sintesis
de &cido glutamico a partir de -cetoglutarato y amonio. Afin
cuando la afinidad de esta enzima por el amonio es baja, por -

mucho tiempo se pensbé que la asimilacién de nitrdgeno en Neurospora

era a través de la GDH. Por otro lado, la actividad especifica de
esta enzima es regulada por la fuente de nitrdgeno, siendo 5 veces
mayor la actividad en exceso de amonio que en glutamina como fuen-
te de nitrdégeno. Esta diferencia corresponde a cambios en el nivel .

de sintesis de la GDH (Herndndez et al., en prepafacién).

Estudios recientes en cultivos limitados de amonio, mues

tran que la cepa am-I de Neurospora que carece de la GDH biosinté

tica, crece igual que la cepa silvestre en estas condiciones, esto
es debido a la presencia de la glutamato sintasa (GOGAT) en este

hongo, (Hummelt et al., 1980).

La actividad de GOGAT en Neurospora establece que la asi-

milacidn de amonio se lleva a cabo no sb6lo a través de la GDH y la

GS sino también a través de la via GS-GOGAT.

Las condiciones en las cuales participa una u otra via,
y su relacidn con las caracteristicas de la GS serd@n expuestas poste

riormente.



La glutamina como donador del nitrbgeno celular. -

La glutamina juega un papel central en el metabolismo
nitrogenado de la célula, ya que adem&s de ser un amino&cido
que se requiere para la sintesis de proteinas, es la fuente de

nitrégeno mis importante en diversas vias biosintéticas.

Por un lado el grupo X -amino de la glutamina, parti-
cipa en la sintesis de diversos aminoécidos, esta transamina-
cibén de glutamina con O -ceto&cidos se lleQa a cabo por una
transaminasa especifica de glutamina, que da como productos de
la reaccibén aminodcidos y & -cetoglutaramato el cual por la -
actividad de una omega amidasa, se hidroliza produciendo amOnio
y L -cetoglutarato. Estas reacciones forman parte del ciclo de

la glutamina propuesto por Meister (Meister 1962).

Por otro lado el nitr6geno amido de la glutamina permi
te la sintesis de compuestos como purinas pirimidinas, coenzimas,
aminoazficares, y algunos aminodcidos; por ejemplo, se sabe qué el.
nitrdgeno del grupo indol del triptofano y un nitrdgeno del imi-
dazol de la histidina derivan del amido de la glutamina. Por otro
lado, el grupo amido de la glutamina, se usa para la sintesis de
carbamil fosfato, que es precursor tanto de primidinas como de

arginina.

Las enzimas que catalizan la utilizacidn del nitrdgeno
amido de la glutamina se denominan amidotransferasas de glutamina,
y estan compuestas en su mayoria por 2 subunidades, donde la de

menor peso molecular presenta una actividad de glutaminasa y son



inhibidas irreversiblemente por compuestos como 6-diazo-5-oxonorle

ucina o 2-amino-4 oxo-5 cloropentanoato.

Una de estas enzimas, recientemente descfita (Tempest et
al., 1970), la glutamato sintasa (GOGAT), que cataliza la amina-
cidén del & -cetoglutarato .a partir de glutamina, para la sintesis
de 2 moléculas de &cido gluté&mico apoya alin mds el papel central
de la glutamina en la distribucidn del nitrdgeno celular para la

biosintesis de aminodcidos y otros compuestos.



Caracteristicas de la reaccidn catalizada por la

>

Glutamino Sintetasa.

Por ser la glutamina el principal donador de nitr6geno en
la célula, la glutamino sintetasa (GS), que es la enzima que catali
za la biosintesis de este aminodcido, a partir de amonio y &c. glu-
tédmico, juega un papel central en el metabolismo nitrogenado de la
célula. Esta enzima eété presente en todo el reino animal y ha si-
do caracterizada en diferentes organismos (Bacterias, algas, ‘hongos,
plantas superiores y mamiferos).

La glutamino sintetasa cataliza la sintesis de glutamina
como se muestra en la siguiente reaccidn.

+—

Ac. glutédmico + ATP + NH4

glutamina + ADP + Pi

Ademéas del NH+, puede utilizarse hidroxilamina como subtra
to de la glutamino sintetasa, dando como resultado ia formacidn de
¥ -glutamilhidroxamato. Esta reaccibén se lleva a cabo en dos formas:
una la llamada reaccidén de sintetasa a partir de glut@mico y ATP

(ecuacidén I) y otra la reaccidn de transferasa a partir de glutamina y

ADP (ecuacidn II) '

I: ATP + Ac. glutdmico + NHZOH = 8 -glutamilhidroxamato + ADP + Pi

II: Glutamina + NH20H + ADP + P11 = ] -glutamilhidroxamato + NH;

Caracteristicas de la glutamino sintetasa en diferentes

organismos-.

Estructura de la GS en procariotes:

La glutamino sintetasa de E. coli y Bacilluos subtilis,

tiene un peso molecular de 590,000 a 600,000 y consta de 12 sub-

unidades idénticas, cada una con un peso molecular de 50,000



(Meister 1974, Stadtman and Ginsburg 1974); las subunidades
forman anillos hexagonales, dos de los cuales forman los dg
dec@meros caracteristicos de la enzima nativa.

En cianobacterias como Anabaena cylindrica, la glu

tamino sintetasa tiene un peso molecular entre 550,000 y -
660,000 y estd compuesta por 12 subunidades de un peso mole
cular de 49,000, las cuales se estructuran de manera similar

a las de E. coli.

Estructura de la GS en eucariotes:

La glutamino sintetasa de Neurospora crassa esté

formada por subunidades que tienen un peso molecular de 48,000,
estructurados como octdmeros. Las fotografias de la enzima
pura en el microscopio electrdnico muestran anillos de cuatro
subunidades, dos de las cuales conforman el octé@mero de la

enzima. (Palacios 1976). En Candida utilis esta enzima se

estructura en un octé@mero con un peso molecular de 390,000 y

una conformacién similar a la de Neurospora.

En las plantas, la glutamino sintetasa tiene un peso
molecular que varia entre 350,000 y 400,000; al igual que las
enzimas antes descritas, la GS de plantas consta de 8 subuni-
dades. Al microscopio electrdnico el octémero de GS del nddu
lo del frijol de soya se compone de 2 tetrdmeros planares

(McParlan 1976).



Diversas isozimas de la glutamino sintetasa.

Recientemente se han identificado dos formas de la

glutamino sintetasa en Rhizobium japonicum (Darrow y Knotts

1977), y en Bacillus caldoliticus (Wedler et al., 1978), en

ambos casos las dos isozimas de glutamino sintetasa difieren
en su punto isoeléctrico y en su estabilidad.
En Rhizobium japonicum la GS tipo I es parecida a
la de E. coli en su estructura, y por ser susceptible de adeni-

lacidn, mientras que la GS tipo II no se adenila.

En plantas se han encontrado por cromatografia de in
tercambio idnico dos formas diferentes de GS en frijol de soya
(Stasiewicz and Durman 1979). En hojas de cebada (Mann et al.,
1979) y en arroz (Guiz et al., 1979). Las dos formas de GS en
cebada, denominadas GS-I y GS-II, tienen un peso molecular simi
lar, pero su estabilidad y su pH 6ptimo son diferentes. Estu-
dios de localizacidén en hojas, raices y semillas, sugieren que
la GS-I se encuentra en estos 3 6rganos de.la planta; sin embar
go, la GS-II se localiza solamente en tejidos verdes (Mann et
gl., 1980); ademds experimentos en cebada muestran que la GS-I
estd en el citosol y que la GS-II se localiza en los cloroplas-

tos.



Caracteristicas de la glutamino sintetasa de Neurospora

crassae.

La glutamino sintetasa de Neurospora es regulada tanto
por la fuente de nitrb6geno, como por la fuente de carbbn. (Mora,
Y., et al., 1980, Vichido et al., 1978). Cuando la cepa silves-
tre 74-A de Neurospora se crece en glutdmico como fuente de ni-
tr6geno, la actividad especifica de GS es 10 veces mayor que en
glutamina (Vichido et al., 1978), esta diferencia en la actividad
de GS se debe a una mayor sintesis de la enzima (Quinto et al.,
1977), y a una mayor concentracién del RNAm especifico de GS

(Sédnchez et al., 1978).

La GS de Neurospora de cultivos crecidos en glutdmico
como fuente de nitrbgeno, purificada a homogeneidad, se estructu-
ra en un octdmero con un peso molecular de 385,000; por otro lado,
en cultivos limitados de nitrbgeno, la forma oligomérica predomi-
nante es la de un tetrémero, (Limdn-Lason et al., 1977), misma que
se encuentra en las cepas auxdtrofas parciales de glutamina en

Neurospora (Davila et al., 1978).

Recientemente se reporté la participacién de dos polipépti
dos diferentes en la molécula de GS en Neurospora (Sanchez et al.,
1980). Estos polipéptidos denominados & y B, se estructuran como

tetrémeros y octé@meros respectivamente (Davila et al 1980).



INTRODUCCION AL PROYECTO DE INVESTIGACION



El haber logrado un crecimiento controlado del hongo

Neurospora crassa en cultivos limitados de nitrogeno o de car-

bbén, permitié avanzar en el estudio de la regulacidbn, la es-
tructura y la composicidn de la glutamino sintetasa.

Por un lado se demostrd que en condiciones de limita-
cidén de amonio, la glutamino sintetasa estructurada en un te-
tr&mer con una alta actividad especifica, no es regulada por el
amonio per se, sino que la acumulacidn de esqueletos de carbdn
en estas condiciones y la baja actividad de glutamino sintetasa
cuando la fuente de carbdn es limitante, sugieren un efecto po-
sitivo de este compuesto sobre la regulacidn de esta enzima .
(Limdn-Lason y col. 1977). Por otro lado la‘participacién de dos
polipéptidos diferentes en la estructura de la glutamino sinte-
tasa nos permitié definir la composicibén del tetrdmero de GS
presente tanto en la limitacidn de amonio como en las mutantes
auxotrofas de glutamina, y la composicidén del octamero de esta
enzima que se presenta en el crecimiento exponencial del hongo
cuando la fuente de nitrdgeno no es limitante (Davila y col.
1980).

El hecho de que la cepa am-1 de Neurospora que carece

de la deshidrogenasa glutidmica biosintética, creciera igual que
la cepa silvestre en cultivos limitados de amonio, permitid la
bisqueda y determinacién de la glutamato sintasa, asi como su

regulacidén (Hummelt y col. 1980). Esto definid en Neurospora

crassa la exsistencia de las dos vias de asimilacidn de amonio

antes mencionadas.



La participacién de dos mondmeros diferentes en la
actividad de la glutamino sintetasa, nos llevo a estudiar la
regulacidn y la funcibdn de cada uno de ellos. El trabajo aqui
presentado, demuestra que la ﬁia que participa en la asimila-
cibén de amonio a altas concentraciones es a través de la des-
hidrogenasa glutémica y la forma octamérica de la glutamino sin-
tetasa compuesta principalmente por el monémero P , mientras
que en condiciones de limitacibén de amonio, la glutamino sin-
tetasa estructurada en un tetramero y compuesta principalmente
por el mondmero & es la-primera enzima que fija amonio en la
célula, y que la sintesis de acido glutdmico se lleva a cabo
por la actividad de la glutamato sintasa.

Finalmente, la sintesis in vivo de los monémeros &

y P de la glutamino sintetasa en diferentes condiciones nitro-
genadas correlaciona con los niveles de RNAm especifico de

cada mondmero.
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Summary .

The effect of the nitrogen and carbon sources in the regulation of glu
tamine synthetase has been studied in fed-batch cultures of Neurospora ~
crassa. The limitation of ammonium in an excess of the carbon source,
Jeads to an accumulation of {-ketoglutarate and elevation of glutamine syn
thetase. The limitation of sucrose in an excess of ammonium results ina
decrease in glutamine synthetase activity. These results indicate that the
carbon source exerts a positive control in the regulation of glutamine syn-

thetase.

Introduction

It is known that in bacteria £-ketoglutarate and glutamine regulate
the activity of glutamine synthetase (EC 6.3.1.2) (1). Although the effect
of different nitrogen sources on the activity of this enzyme has been gtﬁd-
ied in eukaryots (2; 3), the difficulties encountered in growing fila_mentous
fungi under conditions of regulated grc;wth, as in a chemostat (4, 5), have
not made p,os's‘ible to ev.aluate the effect of limiti;1g concentration of the
carbon ahd nitrogen sources in the regulation of glutamine sﬁthetase, as
has been done in prokaryotic organisms (6). We have been able to regulate

the growth of Neurospbra crassa by continuously adding to the medium the

limiting nitrogen or carbon source. This instrumentation, known as fed-

batch culture (7), ﬁas allowed us to study the effect of the carbon and the -

» .
nitrogen sources on the activity and oligomeric state of the enzyme gluta

mine synthetase.

1
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Material and Methods

Strains and Chemicals

Neurospora crassa wild-type strain 74-A and the glutamic acid dehy
drogenase defficient mutant am-1, obtained from the Fungal Genetics
Stock Center at the Humboldt State University Foundation, Arcata, Calif,
U.S.A. All chemicals used were analytical grade.

Growth Conditions

Batch cultures of N. crassa were grown after inoculating conidia in
Vogel's minimal medium (8) with 25 mM NH4C1 as nitrogen source and
1.5% sucrose as carbon source. Fed-Batch cultures were achieved for up
to 24 hs by pumping the limiting substrate (9.2 mM NH,Cl or 14.6 mM su
crose) at a dilution rate of 3.2 x 10-3 hr-1, into an agitated and aerated ~
reactor vessel held at 25°C containing Vogel's medium lacking the nitrogen
or carbon source used as limiting substrate. The NH4Cl was pumped af-
ter incubating the conidia for 3 hs in Vogel's without nitrogen source, and
the sucrose after germinating the conidia 4 hs in substrate excess. Under
these conditions the change in reactor volume is negligible and it can be
shown that the growth rate is constant and equals the product of the dilu-
tion rate, the feedstock concentration and the substrate yield constant.

Growth was determined by collecting mycelium samples on 0.45 p
membrane filters, washing with distilled water and placing in 5% trichloro
acetic acid. After centrifugation the acid precipitate was resuspended in_
1.0 N NaOH and protein was determined by the method of Lowry et al (9),
using bovine serum albumin as standard. o

Preparation of soluble extracts for amino acid analysis

Mycelium samples were harvested by filtration. Glutamic acid and
glutamine were extracted by homogenizing the cells in 80% ethanol in the
presence of L-U-14C glutamine and L-U-14C glutamic acid, separated
using the method of Yemm and Cocking (10) as modified by Ferguson
and Simms (11), and quantified by isotopic dilution. ¢\ -ketoglutarate was
assayed accordingly to Bergmeyer and Bernt (12), after resuspending the
washed mycelium in 0.6 N HC104 and neutralizing the supernatant with
K3PO4.

Determination of glutamine synthetase activity

Glutamine synthetase measured as transferase activity was assayed
as described by Ferguson and Simms (11). Units of activity are expressed
as micromoles of ¥ -glutamyl hydroxamate produced per min at 30°C per
mg of protein.

Sucrose Gradient Sedimentation

y
The samples, in a final volume of 0.3 ml were layered over a S to
209, continuous sucrose gradient and centrifuged at 4° for 12 hs at 248, 000
x g in the Beckinan SW 40 rotor. After centrifugation, fractions were ob-
. 7L -
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PROTEIN (pg/ml)

TS 3 LTy
3 6 9 121518 21 24
TIME (hs)

Fig. | Growth curves of the wild-tipe strain 74A in limiting
ammonlum (@) or sucrose (o) in fed-batch culture.
Without ammonium ( A) or sucrose(A) also shown.

lined from the top of the tube and glutamine synthetase activity was deter
iined in each fraction. Details are given in ref. 13.. -

esults

Neurospora crassa wild-type 74-A exhibits exponential growth with

doubling time of 2 to 3 hs, when grown under conditions of excess sub-

trate. However, in fed-batch culture linear growth is found as shown in

g. 1.

Under conditions of ammonium limitation we found, after 12 hs, an

Imost 12 fold increase in the intracellular concentration of A -ketoglutara
2, while glutamine and glutamate decrease ten and two times, respective

7> compared to the control growing in excess substrate. However, when

ucrose is the limiting substrate, «4 -ketoglutarate does not vary appreci-

.- @ >

bly and glutamine decreases three times (Table 1).

Under ammonium limitation a ten-fold rise in glutamine synthetase

—

ctivity is found. However, when sucrose is limiting the activity of this

3.

™
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TABLE 1. - Intracellular concentrations of &-ketoglutarate,

glutamate and glutamine, and glutamine syn-
thetase activity in the wild-type strain 74-A,
under nitrogen or carbon source limitation®.

Condition hs kg glu gln G.S.

Batch, ammonium plus carbon excess 12 0.002 0.183 0.480 0.09
Fed-batch, ammonium limited 12 0.025 0.069 0.040 0.42 .

. 18 0.020 0.084 0.045 0.77

: 24 0.015 0.049 0.040 0.99

Fed-batch, sucrose limited 12 0.003 0.169 0.320 0.02

18 0.003 0.120 0.270 0.02

24 0.002 0.145 0.190 0.02

!

* X -ketoglutarate (kg), glutamate (glu) and glutamine (gln) concentrations expressed

as ymoles/mg of protein. Glutamine synthetase activity (G.S.) expressed as
Jmoles of product per min per mg of protein.

enzyme falls four times compared to that found in an excess of substrate
(Table 1). To ascertain whether these effects are due to ammonium per-
se or are mediated by the trapping of & -ketoglutarate and/or its conver-
sion to glutamate or glutamine, the mutant strain ﬂi' which lacks the
activity of the biosynfhetic glutamic acid dehydrogenase and grows very
slowly in excess ammonium, was grown under the same conditions. We
fouhd tha;t this strain, when limited of amrhonium, has the same :growch

rate as the wild-type grown under the same conditions. The activity of
glutamine synthetase and the intracellular concentrations of A-ketoglutara
te and élutamate are quite similar to those found iﬁ the wild-type strain;
glutamine is not detectable in comparison with the wild-type, where this
amino acid is just in the limits of‘detection. Furthermore, when there

is an excess of ammonium present, the abovs. parameters still resemble_

those found.in the wild-type in ammonium limitation (Table 2).

When ;he wild-type strain is grown in giutamate as the nitrogen

1237
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TABLE 2.~ Intracellular concentrations of &-ketoglutarate,
' glutamate and glutamine, and glutamine syn--
. - thetase activity in the mutant strain am-1,
* under nitrogen limitation®. e

‘ondition ' hs : kg -+ gl gln - G.S.

atch, ammonium plus carbon excess 12 0.012 0.027 0.045 0.55

‘ed-batch, ammonium limited 12 0.023 0.031 N.D. 0.62
18 0.022 0.055 N.D. 0.86
24 0.020 0.079 N.D. 0.81

Abbreviations as in Table I /Not detected (N.D.)

source, glﬁtamine synthetase is found as an octamer (13). We have found
that a lower oligomeric form of this enzymé, possibly a tetramer, is
found in the wild-type strain when ammonium is limiting, but not when it
is in excess concentration (fig. 2). The mutant strain am_—l_, however,
exhibits only the lower oligomeric state, regardless of th.e way ammonium
is administered (data not shown). |

Discussion

It is not possible to regulate the growth rate of Neurospora crassa in

batch cultures jusé by changing the substrate (:oncenération. However, this
has been achieved' by the use of fed-batch cultures.

We.have show.n that glutamine synthetase activity rises when amﬁxoﬁi-
um is limited. This rise with time corresponds to the increase in limita-
tion that occurs as result of growth, addition of substrate remaining con-
stant. Coincid.ing with th‘js effect, we found an important rise in A-ketoglu

tarate together with a decrease in glutamate and glutamine. We would like
% - /4

to propose that the carbon source exerts a positive control in the induction

of glutamine synthetase in Neurospora crassa since: a) ammonium does not
, 5.
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SYNTHETASE ACTIVITY (% of mez)

® W 1315 7T 2 2328
FRACTIONS

Fig. 2 Sedimentation In sucrose gradients of glutamine synthetase
from the wild-tape strain 74A grown in limlting (0 ) and
excess (@) ammonium.

have an effect per 'gg, as shown by the increase in enzyme activity in the
glutamic acid dehydrogenase deficient mutant grown in excess ammonium,
as compared with the wild type and b) by the decrease of the activity under
sucrose limitation in the wild-type strain where ammonium is in excess.
This data indicates that ammonium does not exert its main effect through
. its convgrsion to glutémine, for if this were the case, a rise in activity
would also be expected when carbon is limiting and glutamine falls
(Table 1). It is suggestive that a rise ino{-ketoglutarate is found whenever
the enzyme ’is induced (Tables 1 and 2). 'I“his elevation is to be-expectedr
if ammonia is limited or if a block exists in the conversion of ammonijum
and o(—l:etog'luta;ate fo glutamic acid. On the other hand we have rec-ent-

ly reported that an excess of ammonium or glutamine represses the

de novo syntheéis of glutamine synthetase (4).

Very possibly a relationéhfp exists between the oligomeric state of

glutamine synthetase and its capacity to fix ammonium at low or high sub-
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rate concentrations. The ability of the tetramer to synthesize glutamine
low substrate concentration is being studied.

The fact that a strain completely 'lacking the biosynthetic glutamic
id dehydrogenase grows as well as the wild-type in Mited ammonium
akes worthy to look for the activit-y.'of glutamate synthase in Neurospora
assa. The catabolic glutamic acid dehydrogenase has low affinity for
amonium (15), and thus cannot be expected to be fixing ammonium under
ese conditions.

The results clearly show the advantage of the use of growth controlled

ltures in the study of enzyme regulation in filamentous organisms.

Tz
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Summary

Two distinct monomers, a and p participate in the structures of differ
ent oligomers of Neurospora crassa glutamine synthetase (EC 6.3.1.2). —
In ammonium -limited cultures a tetrameric form composed mainly of a
monomers was found. In excess of nitrogen an octameric form composed
mainly from f§ monomers is the predominant oligomeric state. - The pres-
ence of both monomers was observed in intermediate oligomeric forms.

—

Introduction
The nitrogen source regulates the concentration (1) and the de novo

synthesis of glutamine synthetase (GS) in Neurospora crassa (2). On glu

tamate as nitrogen source the rate of synthesis of GS is 10-fold higher
than in glutamine and corresponds‘to a similar difference in the specific
mRNA levels _of the énzyme (3). N. crassa GS purified from mycelia grown
on glutamate is structured in an octameric form composed of monomers
with a molecular weight of 48,000 (4). In Fed-batch ammonium-limited
cultures the activity of GS increased and instead of an octamer, mainly a
tetrameric form of GS was found (5). This lower oligomeric state of GS
was also found in glutamine auxotrophs of Neurospora (6). Since these
mutants grow 1n limited ammonium, it is possible that the two oligomeric
states of GS'Correspo‘nd to c'iifferent gene produ'cts (6), and have a different
function in ammonia_ f—ixation_. |

4

Recently it has been found that two different m onomers contribute to
)

the activity of GS (S4nchez, et al; submitted for publicatio}l, 1979). These

006-291X/80/010134-07%01.00/0
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monomers can be separated in acrylamide gel electrophoresis in SDS-urea
where one of them (a) runs slightly slower than the other ( B)-

In this paper we report the relation that exists between these mono-

-

mers with the oligomeric state and the function of GS in Neurospora' crassa,

Material and Methods

Strains and Chemicals. - Neurospora crassa wild-type strain 74-A, -
the glutamic acid dehydrogenase deficient mutant am-1 and the ghitamine
auxotroph gln-la, were obtained from the Fungal Genetics Stock Center at
the Humboldt State Univérsity Foundation, Arcata, Calif. U.S.A. The
glutamine auxotroph gln-lc was obtained in our laboratory and is an allele
of the auxotrophs previously reported (6).. All chemicals used were analyt
ical grade. -

Growth Conditions. - Batch cultures of N. crassa were grown after inocu-
Tating conidia in Vogel's ininimal medium (7) with 1. 5% sucrose. The ni-
trogen source was glutamate at 25°C, or 37°C and glutamine at 37°C. Fed-
batch ammonium -limited cultures at 25°C with a constant growth rate, were
achieved as reported (5), except that the conidia were not previously incu-
bated in the absence of nitrogen. Growth was determined as described (1).

Determination of Glutamine Synthetase Activity. - Glutamine synthetase
measured as transferase activity was assayed as described by Ferguson
and Sims (8) in cell-free extracts of Neurospora prepared as in a previous
work (1).

Immunoprecipitation of in vivo-labeled Glutamine Synthetase. - The cultu
res were pulsed with[3] leucine for one hour before harvesting. The
cell-free extracts were sedimented in sucrose gradients (4) and fractions
of the principal peaks of activity were precipitated with (NH4)2S04 at 70%
saturation, resuspended and dialyazed overnight. Aliquots were immuno-
precipitated with antibody against GS as described (2).

Electrophoresis and Fluorography. - The immunoprecipitates were sub-

jected to acrylamide slab gel electrophoresis in the presence of SDS and

7 M urea (Sdnchez, et al; submitted for publication, 1979), stained with
' Coomassie blue (9) and treated for fluorography (10).

Purification of Glutamine Synthetase. - Conidia obtained from slants with
glutamine (10 mM) as nitrogen source, were used to inoculate cultures
with glutamate at 25°C. After 3 hs the germinated conidia were filtered,
washed and dried with acetone (1). From this powder the octameric GS
was purified as previously reported (4). The tetrameric GS from the glu
tamine auxotroph gln-1c was purified as reported (4) from cultures grown
on glutamate at 37°C, except for the following modifications. The cell-
free extract wés prepared in buffer A diluted 10-fold, this buffer was
used to equilibrate the DEAE-cellulose column, which was eluted with
Buffer A (Buffer A contains 50 mM imidazole, 50 mM glutamic acid, 80

135
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mM MgS0Oy4, 50 mM K2S04, 0.5 mM EDTA, 5 mM 2-mercaptoethanol,
25 mM NaHSO3 pH 7.2). The fractions with activity were pooled and
made 2.25 mM MnClj and after added to the sepharose-anthranilic acid
column previously equilibrated with Buffer A 2.25 mM MnCl,, the enzy-
me was eluted with 40 mM AMP in this buffer. The protein was precipi-
tated with (NH4)2SO4 at 709, saturation and resuspended and dialyzed
against Buffer A.

Results and Discussion

To study the distribution of the two different monomers of GS in the
different oligomeric forms of this enzyme, the Wild—type 74-A strain was
grown on batch cultures at 25°C with glutamate as nitrogen source and in
Fed-batch cultures ammonium -limited. In these conditions the GS is

mainly found as an octamer (1) and tetramer (S), respectively, In addi-

tion the 74-A strain and the gln-1c mutant strain were grown in glutamine

Eﬁ ’\
I x
S 10 I5 20 25 5 K 5 20 25 5 0 15 20 25 5 0 I5 20 25

+—TOP BOTTOM—+—TOP BOTTOM ——TOP _BOTTOM—34 _TOP BOTTOM-—
- 1

FRACTION NUMBER

Fig. 1. Sucrose gradient sedimentation of glutamine synthetase from
crude extracts: A, wild-type grown at 25%C on 5 mM glutamate
(o) or ammonium-limited (e) B, at 37°C on S mM glutamine the
wild-type (A) and the mutant strain gln-1c (A) and C, the am-1
strain at 25°C ammonium-limited (o). D, purified GS from cul
tures grown on glutamate at 25°C from the wild-type (x ) and from
the gin-1c at 37°C (m). T tetramer, O octamer.
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at 37°C and the am-1 mutant strain in limited-ammonium. The glutamine
auxotrophs were grown on glutamine at 37°C since in this condition they
had a sizable actlvity‘qf -GS structureLd in t:! tétra_r-hfér (6). All the cultu-
res were pulsed w ith[éH]le;Jéiﬁe as described—ln methods.

In Fig. 1 is presented the :trénsferase activity in sucrose gradients
from extracts of these cultures. .A's expected the tetrameric GS was pres-
ent in extracts of the wi—ld-type ammonium-limited and in the gln-1c (Fig.
1 A, B), the octamer was found in the 74-A strain grown on glutamate .
(Fig. 1 A). On the other hand in the wild-type grown on glutamine at 37°C,
in addition to the octamer, a well defined peak of activity was found in the
sucrose gradient left and next to this oligomer (Fig. 1 B). A different
oligomer of GS, that banded next and right to the tetramer, was also
found in the am-1 mutant strain ammonium-limited (Fig. 1C). The bands
of activity immunoprecipitated, stained with Coomassie blue after acryla-
mide gel electrophoresis in SDS-urea, are shown in the top of Fig. 2. It
is clear that the octamer is composed mainly byj} monomers (Fig. 2c)
and the tetramer by @ monomers (Fig. 2d). Both monomers were found
in the intermediate oligomeric forms that banded in sucrose gradient bet-
ween the tetramer and the octamer (Fig. 2a,b). As these oligomers

(am-1 strain and wild-type grown on glutamine at 37°C) band closer to

‘the octameric form, an increase in the p monomers and a decrease in

-

the a monorhers_ was apparent. Only in the case of the wild-type strain
grown in glutamine at 37°C the monomers corresponded to the pool of two
peaks of activit)" of the sucrose gradient.

The fluorography of the gel (Fig. 2 bottdm) shows that the distribu-

tion of @ and p monomers resembles very closely what is seen after

staining the .gel (Fig. 2 top), and emphasizes that the newly synthesized
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B
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Fig. 2. Top panel Gel after coomassie-blue staining: a) wildtype on glu
tamine, b)am-1 strain ammonium-limited, c) wild-type on glu
tamate, d) wild-type ammonium-limited and e) gln-lc strain on
glutamine. 1In the first and the last tracks of the gel purified
non-labeled GS from glutamate grown cultures was run as a
marker. For other conditions see Fig. 1 and methods. Bottom
panel: gel after fluorography. A albumin, H P -globulin heavy
chain, L P -globulin light chain, aandp monomers of GS.

a's are incorporated almost exclusively in tetramers and the B 's in
octamers. In contrast, hybrid monomers were found in the oligomers
. .

intermediate between the tetramer and the octamer.

It has been possible to obtain growth conditions in which the octa-

mer can be purified with only traces of @ monomers (compare Fig. 2 and

3). These data indicate that the @ monomers are not required for the
structure and activity of the octamer. The teiramer purified from gln-lc
mutant stl;ain is'com.posed only of & monomers (Fig.  3).

The presence.of somé a monomers in the octamer and of some j
monomers in the tetramer, of the wild-type strain may be t}}e result of

monomer hybridization, or that the equilibrium of a's favors more the

-~
arrangement in tetramers than in octamers, and viceversa for the l} 's.

The fact that the @ monomers of the mutants strain gln-la and gln-1c in
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Gel after coomassie blue staimng of the purlfxed preparatlons
of GS obtained from gln-1c strain (a,b and c) and from wild-
" ""type (d,e and f). The cultures were grown as described in ~

j methods.» In the first and the last traks a mixture ofa andp

- ._monomers were run as markers. e R ST

k]

% T

addition to the tetramer, are able to form octamers in a low proportion,

and that the monomers of the wild- type strain behave opposmvely (Flg.

. 1d), xs in favour of the equ1hbr1um hypothesxs. Thls equ1hbr1um would .

also depend of the 1ntracellular condltlons. It is in mterm ediate ohgo—"‘}:

b a3 i -, 2 4.; ;. . o

-y * 2l a

meric fonns of GS where both monomers are found m an unportant pro-“ '

portlon, then it is poss1ble that these mtermed1ate states are composed

. = & . ;"x_q A-vv

by hybnds of a and 'B monomers, Wthh appear when the mtrogen content

1s nelther 11m1t1ng nor in excess. Expenments are in progress to purlfy

@ .~-.,”.V

the wild- type tetramer and test in vitro 1f the presence of thls form in

< e N R s -
=, v

low ammomum and the octamer in mtrogen excess, are related w1th a

2 - -

different afﬁmty for ammomum of these ohgomers. Recent ev1dence has

demonstrated that glutamate synthase (GOGAT) is present in ammonijum -

limited cultures (Hummelt et al submltted fop pubhcatlon, 1979) Thls

enzyme together with the tetramerlc GS partlc1pates in the assumlatlon

W .

of low ammonium concentratlons. ;
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INTRODUCTION:
Folkes and Sims (10), using 15N-—labeled ammonium,

demonstrated that in Candida utilis the glutamate dehydro-

genase (GDH) (E.C.1.4.1.4.), and the glutamine synthetase
(G.S.) (E.C.6.3.1.2.) activities are responsible for
ammonium assimilation. Studies in other fungi such as

Schizosaccharomyces have shown that in some species of

this genus, GS is the first enzyme to fix ammonium in low
concentrations; the glutamine formed is converted into 2
molecules of glutamate by the action of a glutamate synthase
(GOGAT) (E.C.1.4.7.1.) in the presence of 2-oxoglutarate and

NADH (4). GOGAT activity has also been found in Saccharomyces

cerevisiae but in very low amounts and its significance is

unclear (20). In plants the fixation of low amounts of
ammonium by the GS-GOGAT patway is very well established (14).

Neurospora crassa growing on high ammonium concentration

has an elevated biosynthetic GDH activity; a mutant has been
described that lacks this activity and grows poorly in ammonium
excess (9). We found that this mutant grows as well as the
wild-type Fed-batch ammonium limited cultures (11). An elevated
NADH dependent GOGAT activity was found in either the wild-type
or the mutant under ammonium limitation. Glutamate or Glutamine
repress this enzyme (12). This data indicate the existence of

the GS-GOGAT pathway in Neurospora, that functions under nitrogen

limitation conditions.

In Neurospora the nitrogen source regulates the concentration

(23), and the de novo synthesis of GS (19). 1In glutamate as

nitrogen source the rate of synthesis of GS is 10 fold-higher



than in glutamine and corresponds to a similar difference in
the level of specific mRNA that codes for the enzyme (21).
An octameric GS has been purified from cultures of the

wild-type strain 74-A of Neurospora grown on glutamate as

nitrogen source (17). On the other hand a tetrameric GS has
been reported to be present in the wild-type strain grown on
fed-batch ammonium limited cultures (13), as well as in

partial glutamine auxotrophs of Neurospofa (6). Recently we

reported that in Neurospora crassa GS is composed of two

different polypeptides called a and B, structured in a tetramer
and an octamer, respectively (6), (22).

In this paper we report in Neurospora, the growth

conditions that regulate the in vivo synthesis of one or another
GS monomer, the levels at which this regulation is exerted, and
the participation of the a and B GS polypeptides in different

ammonium assimilation pathways.



MATERIAL AND METHODS:

Strains. Neurospora crassa wild-type strain 74-A, was

obtained from the Fungal Genetics Stock Center at the
Humboldt State University Foundation, Arcata, Calif. U.S.A.
The glutamine auxotroph gln-lc was obtained in our laboratory
and is an allele of the auxotrphs previously reported (6).

" Growth conditions. Batch cultures of Neurospora were

grown after inoculating conidia in Vogel's minimal medium with
1.5% sucrose. The nitrogen sources were 25mM NH4C1, 5mM glutamate
or 5mM glutamine. Ammonium limitation in fed-batch cultures was
achieved as has been described (13).Growth was determined as
described (23).

Enzyme activities. Glutamine synthetase activity measured

as transferase was assayed as described by Ferguson and Sims

(8), in cell-free extracts of Neurospora prepared as in a

previous work (23). Glutamate dehydrogenase activity was measured
following NADPH oxidation as described by Fincham (9). Glutamate
synthase activity was measured by the method of Boland and Benny
(2). Cell-free extracts to measure these enzymes were prepared
from acetone dried powders, disrupted in a Braun-Cell homogenizer
MSK type 853030 in the presence of 0.1M potassium phosphate buffer
(pH 7.6).

Sucrose gradient sedimentation. The samples in a final

volume of 0.4ml were layered over a 5 to 20% continuos sucrose
gradient and centrifuged at 4°C for 12 h at 248,000xg in the
Beckman SW-40 rotor; after centrifugation fractions were obtained
from the top of the tube and glutamine synthetase activity was

determined in each fraction.



In vitro mRNA translation.Polysomal RNA was prepared as

previously described (21). RNA fractions were translated in a
reticulocyte lysate system in the presence of 358 methionine,
after incubation the reaction was stopped and glutamine.
synthetase was immunoprecipitatted by a direct procedure using
lug of purified wild-type glutamine synthetase as carrier and
1.5mg of specific antibody. Immunoprecipitates were separated
by centrifugation through sucrose gradients as previously
described (18). The immunoprecipitates were subjected to

acrylamide slab gel electrophoresis in the presence of SDS and

7M urea (22), and treated for fluorography (3).

Immunoprecipitation of in vivo labeled glutamine synthetase.

The cultures were pulsed with 3H leucine for 1 h before
harvesting, the cell-free extracts were immunoprecipitated with
antibody against glutamine synthetase as described (19), and
the samples were subjected to electrophoresis and fluorography

as indicated above.

Electrophoresis in agarose gels containing methylmercuric
hydroxide.

Gel electrophoresis of mRNA was performed in vertical slab
gels cast with 1% agarose, supplemented with 5mM CH3HgOH as
described by Bailey and Davidson (1). Samples were supplemented
with 10mM CH3HgOH. After electrophoresis RNA was visualized by
ultraviolet light illumination (1). Size fractionation of RNA

was carried out in these gels, and RNA was eluted as described

by Dunn et al (7).



RESULTS

GS purification from the wild-type strain grown under
ammonium limitation.

We have previously reported the regulation by nitrogen
of the synthesis and mRNA concentration specific for GS (23, 19,
21), at that time it was assumed that this enzyme was composed
by a single type of plypeptide. We have already communicated
that cultures grown on glutamate, were the fungi grows exponentially
with an elevated activity of GS, the octameric form of this
enzyme 1is composed mainly by the B polypeptide. On the other hand
under ammonium limitation where the fungi grows at a lower rate,
the tetrameric form of GS is composed mainley by the a polypeptide.
It has been also found that the B polypeptide purified from the
wild-type strain grown on glutamate is arranged as an octamer,
while the o polypeptide purified from a glutamine auxotroph is
structured as a tetramer (6). Although in a low yield, we have
been able to purify the GS from the wild-type growing on low
ammonium and found as the major cbmponent, the tetramer and the
o monomers, some amount of the octamer and the B monomers were

also present (Fig. 1).

Oligomeric forms synthesis and in vitro translation of the
specific mRNA of glutamine synthetase in nitrogen excess and
limitation.

After we found that wo different oligomers, composed of
distinct polypeptides were responsible for GS activity (22, 6),
the relation between the synthesis and the mRNA concentration of
the two GS polypeptides with the oligomeric form, was
reinvestigated in different nitrogen conditions during the growth

phase. The B polypeptide of GS was preferentially synthesized



when Neurospora was growing exponentially on an excess of

ammonium, glutamate or glutamine, although some o monomers

were also synthesized. The B polypeptide was synthesized at

a higher rate on glutamate or ammonium than on glutamine,

which is in accordance with the enzime activity (Fig. 2 and

Table I). We have previously reported that under these

conditions GS is present as an octamer (23). In longer incubation
times, when the cultures were approaching the stationary phase,
both polypeptides were synthesized and the GS activity was found
in a broader peak that resembles more a tetrameric than an

octameric form (Fig. 2). When Neurospora grows under ammonium

limitation, the polypeptide is preferentially synthesized
(Fig. 2).

"The in vitro translation of mRNA specific for the o and B
monomers showed a correlation with its synthesis in all the
conditions studied (Fig. 2).

Different mRNA codify for two polypeptides of GS ?

The obtention of glutamine auxotrophs that lack the GS B
polypeptide (6), and the fact that a precursor-product relation
ship could not be demonstrated between a and B polypeptides in
afcell—free translation system (22), suggests the participation
of two mRNA in the synthesis of GS polypeptides.

In order to obtain a more direct evidence of the presence
of one mRNA for each GS polypeptide, agarose gel electrophoresis
of RNA in the presence of methylmercuric hydroxide was performed.
Populations of mRNA from wild-type cultures grown on glutamate
as nitrogen source for 12 h at 25°C were fractioned, and in YQEE

translated. Results obtained from three different experiments



showed that the B/a ratio of in vitro synthesized polypeptides
changes from different gel fractions. In fact, the main product
from the heavier mRNA zone was the o monomer, while the B monomer
was encoded in a ligther zone (Fig.3).

Ammonium assimilation enzymes during nitrogen shifts.

To better understand the role of the GS polypeptides on

the assimilation of ammonium, Neurospora was grown on nitrogen

excess for 6 h and shifted afterwards to ammonium limitation
for 12 h. The GS oligomeric forms, the specific activity and
the in vivo synthesis of the GS polypeptides before and after
the shift are shown in Fig. 4 and in Table I. When the cultures
were grown on nitrogen excess the octameric GS present was
composed almost exclusively by the B monomers. After the shift
the octamer was substituted by the synthesis of a tetrameric
enzyme constituted mainly by the monomer, characteristic of
ammonium limited cultures.

The activities of ammonium assimilation enzymes were
measured before and after the shift. On ammonium excess a low
GOGAT activity was present, the GDH was elevated and a moderate
amount of GS activity was present. On glutamate and glutamine
the activity of GOGAT was almost not detected, the GDH activity
was lower than on ammonium and the GS activity was very high on
glutamate, intermediate on ammonium and low on glutamine. After
the shift to low ammoniu, the culture that was previously on
high ammonium, grew linearly, however the cultures that were
before on glutamate or glutamine presented a lag before growing

linearly. When the cultures were shifted to ammonium limitation,



low GDH and elevated GS activity were found. The GOGAT

activity increased 23, 1.5 and 8-fold in the cultures that

came from ammonium excess, glutamate and glutamine, respectively
Table I).

Similar studies were performed in cultures grown on
limiting ammonium and shifted to an excess of nitrogen. Enzyme
activities, synthesis of o and B monomers and GS oligomeric
forms were analysed before and 12 h afrer the shift. After a 4 h
lag the cultures began to grow exponentially on glutamate,
ammonium or glutamine. At this time intracellular aminoacids
pools were meassured in the culture shifted to ammonium excess
glutamate had increased 2-fold and glutamine 40-fold. Twelve
hours after the shift the ratio B/o polypeptide synthesis in
the three nitrogen sources was higher than that present during
nitrogen limitation. On the other hand the fact that on ammonium
excess or glutamate the o monomer is synthesized at the same or
higher rate than the B monomer, and the presence of a broader GS
oligomeric form that migrates as a tetramer in the sucrose
gradient (Fig. 5), is in accordance with the data of Fig. 2,
where the a polypeptide was preferentially synthesized at longer
incubation times. Figure 7 presents as experiment in which the
synthesis of the GS monomers was measured at shorter incubation
times after the addition of an excess of ammonium. It is clear
that 6 h after the addition, only the B monomer was synthesized.

After the addition of ammonium the GDH activity increased

3-fold, and the GOGAT activity decreased 20-fold.
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In distinction, the addition of glutamate and glutamine
resulted in a moderate diminution of GDH activity and in a
dramatic decrease in GOAT activity (Table 2). The activity of
GS correlated with its synthesis; it was high on glutamate

a little lower on ammonium and very low on glutamine (Table 2).



FIGURE LEGENDS

Figure 1. Purification of GS from the wild-type 74-A
grown on limited ammonium. A; sucrose gradient sedimentation
and B; Acrylamide SDS-urea gels stained with Coomasie-blue of
the GS purified from the wild-type grown at 25°C under ammonium
limitation. In A, the position of the tetramer (T) and the oc-
tamer (0O) of GS is indicated. In B, gels of the purified frac-
tion (2) as well as markers of the & (1) and the ﬂ polypeptide

(3) are shown.

Figure 2. Growth, oligomeric forms and ig‘vivo and in

vitro synthesis of the GS from the wild-type 74-A strain. A;

Fluorography of the GS region of acrylamide gels of immunopre-
cipitates obtained from in vivo labeled GS or in vitro mRNA

translation; cultures were grown on: (1) limited ammonium 12 h;
(2) 25mM ammonium 12 h; (3) 25mM ammonium 24 h; (4) 5mM gluta-
mate 12 h; (5) 5mM glutamate 24 h; (6) 5mM glutamine 12 h and
(7) 5mM glutamine 24 h. B; Growth and C; Sucrose gradient se-
dimentation from cultures grown on 25mM ammonium (e), 5mM glu-

tamate (o) and 5mM glutamine (A) for 24 h.

Figure 3. Fractionation of GS mRNA in methylmercuric
hydroxide agarose gel electrophoresis. Polysomal RNA from the
wild-type strain grown on glutamate at 25°C for 12 h was pre-
pared and fractionated on o0ligo-dT cellulose to obtained the
poly-A enriched fraction. This fraction was subjected to electro-
phoresis in the presence of methylmercuric hydroxide. RNA from

fractions of the gel was eluted and in vitro translated, and GS



polypeptides were identified by immunoprecipitation followed

by acrylamide gel electrophoresis and fluorography. Fluorogra-
phies and scanning are presented: a-c, three consecutive frac-
tions of the gel from the region where GS mRNA moves; d, mRNA

preparation before electrophoresis.

Figure 4. Changes in the in XiXE synthesis and in the
oligomeric form of GS from the wild-type strain cultures trans-
fered from nitrogen excess (o) to ammonium limitation (o). A;
Fluorography of immunoprecipitated obtained from in vivo labeled
GS, and B; Sucrose gradient sedimentation of GS. Cultures were
transfered from (a) 25mM ammonium 6 h, (b) 5mM glutamate 6 h,

(c) 5mM glutamine 6 h to ammonium limitation for 12 h.

Figure 5. Changes in the in vivo synthesis and in the
oligomeric form of GS from the wild-type strain cultures shif-
ted from ammonium limitation to nitrogen e#cess. A; Sucrose
gradient sedimentation of GS, B; Fluorography of immunopreci-
pitated obtained from in vivo labeled GS, and C; Growth curves
from the wild-type strain grown on ammonium limitation for 12 h
(), and then shifted for 12 h to 25mM ammonium (o), 5mM gluta-

mate (A) or 5mM glutamine (B).

Figure 6. Fluorography of immunoprecipitated of in vivo

labeled GS monomers from the wild-type cultures grown 12 h on
limited ammonium (a) and then shifted to 25mM ammonium for 6 (b)

and 12 h (c).
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Table 1. GS, GDH and GOGAT specific activities
during nitrogen shifts. .

. . Time GS GDH GOGAT
Nitrogen shifts (h) U/mg = . U/mg U/mg
From ammonium :
exces ‘ 6 0.07 0.1 0.002
to NH4 limitation 12 0.29 0.07 0.047
From glutamate 6 0.25 0.05 0.001
to NH4 limitation 12 0.11 0.09 0.002
From glutamine 6 0.02 0.05 0.002
to NH4 limitation 12 0.14 0.09 0.016

Table 2. GS, GDH and GOGAT specific activities

during nitrogen shifts.

Time GS GDH GOGAT
Nitrogen shifts (h) U/mg U/mg U/mg
From limited
ammonaium 12 0.24 0.06 0.027
to NHZ excess 12 0.11 0.166 0.001
or..glutamate 12 0,22 0.08 0.01

or glutamine 12 0.05 0.09 ND
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DISCUSION



Hemos reportado que la GS se estructura en dos for-
mas oligoméricas diferentes, compuestas cada una por diferen-
tes mondmeros. El1 hecho de que no exsiste una relacibdn precur-
sor producto entre los monémeros (X y? de GS en un sistema de
traduccidn in vitro, y la separacidén de dos mensajeros especi-
ficos de GS,indica la participacién de dos RNAm en la sintesis

de GS y sugiere la exsistencia de dos genes de GS en Neurospora.

Esta proposicién se apoya en la exsisténcia de cepas auxotro-
fas parciales de glutamina que han perdido el mondmero P de GS

o0 lo tienen alterado. En algunas de estas cepas mutantes la
actividad de GS se encuentra en un tetr@mero compuesto por el
mondmero 04 . Ademas como se muestra en este tabajo, la sinte-
sis del polipeptido OL se regula de una manera diferente a la del
polipeptido P', y sus respectivos oligbmeros el tetramero f el
octamero, participan en diferentes vias de asimilacidn de amo-
nio. La obtencién de mutantes deficientes en el polipeptido O
de GS nos dara evidencias definitivas de la exsisténcia de dos

genes para los dos mondmeros de GS en Neurospora.

La forma octamérica de GS compuesta por el polipep-
tido p esta presente durante el crecimiento exponencial de hongo,
en un exceso de substratos. La sintesis del polipeptido P de GS
es regulada por la fuente de nitrogeno, siendo la sintesis tanto

in vivo como in vitro mayor en glut@&mico intermedia en amonio

y muy baja en glutamina. La alta actividad de GDH y baja de GO-
GAT en un medio con exceso de amonio, sugiere que la sintesis
de glutadmico es a través de la GDH. Cuando glutd@mico es la

fuente de nitrbégeno en el medio, la actividad de GDH es muy ba-



ja y la actividad de GOGAT casi no se detecta. En glutamina
como fuente de nitrdgeno la actividad de las enzimas que par-
ticipan en la asimilacibén de amonio es muy baja, lo que sena-
la a este amino acido como el producto final de la via.

En tiempos largos de crecimiento, el polipeptido ¢
se empiesa a sintetisar estructurandose la GS en un tetr&mero.
La expresion del polipeptido @ en estas condiciones coincide
con la disminucidén en la velocidad de crecimiento caracteris-
tica de la fase preestacionaria, donde el substrato limitante
es el oxigeno.

La determinacidn de las actividades de GS, GDH y
GOGAT en cultivos que fueron cambiados a una limitacidn de
amonio o a un exceso de nitrdgeno nos permitid entender las

vias de asimilacidén de amonio en Neurospora.

El hecho de que en exceso de amonio se sintetise
preferentemente el polipeptido @ de GS y que la actividad de
GDH sea elevada en estas condiciones, indica que estas dos en-
zimas son las responsables de la asimilacibén de amonio en altas
concentraciones. Esto correlaciona con el hecho de que la cepa
mutante que carece de la actividad de GDH crece deficientemente
en exceso de amonio.

Cuando los cultivos se transfieren a un medio limi-
tado de amonio, disminuye la sintesis del polipeptido P mien-—
tras que la sintesis del polipeptidoo! y la actividad de GOGAT
aumentan varias veces. La actividad de GDH disminuye ligera-
mente en estas condiciones. La baja afinidad por amonio de la
GDH y el hecho de que la cepa que carece de esta enzima cresca

igual que la cepa silvestre en condiciones de limitacidn de



amonio, hace poco probable la participacidn de la GDH en la

via de asimilacibén de bajas concentraciones de amonio. Ademas
la cepa mutante que carece de la actividad de GOGAT, presenta
una fase lag al crecer en cultivos limitados de amonio. Estos
datos, establecen que la via que asimila amonio a bajas con-
centraciones es a través de la forma tetramerica de GS compues-
ta por el mondmero OL y la actividad de GOGAT.

Con excepcidn de los cultivos transferidos de alto a
bajo amonio, todos los demas presentan una fase lag a modifi-
carse la condicibén nitrbgenada. Se estan realizando experimen-
tos a cortos tiempos que ayudaran a entender esta fase lag que

requiere Neurospora para crecer cuando se modifican las con-

diciones nitrogenadas.

Independientemente de la fuente de nitrdgeno presen-
te en exceso, todos los cultivos cambian el octamero(f) por el
tetré@mero (%) de GS cuando son trnsferidos a cultivos limitados
de nitrbgeno. En los geles de SDS teﬁidqs con Coomasie-blue de el
inmunoprecipitado de GS, el polipeptido@) no esta presente,
lo que indica que este mondmero presente en exceso de nitrdgeno
es degradado despues de que los cultivos se transfieren a bajas
concentraciones de amonio. Se ha reportado la degradacidn de la
GS en la cepa silvestre en condiciones de deprivacidén de carbdn.

Finalmente se ha reportado en Neurospora el recambio

de nitrbgeno en condiciones de no crecimiento y la participa-
cidn de GS en este proceso lo que indica que el amonio es re-
asimilado. Las vias que participan en la reasimilacidén y el sig-

nificado funcional de este fenomeno requiere estudios posteriores.
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