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INTRODUCCTIORN ..

La glutamino sintetasa (EC 6.3.1.2.) es una enzima

clave -del metabolismo nitrogenado. El tema hé sido revisado re-

cientemenfé en el libro titulado: Glutamine: Metabolism, Enzymo-
logy, ahd Regulation‘(mo:é, J. and Palacios, R., eds.) Academic
Press, New York-ﬂ(Laipéguiacién de la glutamino sintetasa (GS) ha
sido estudiada enivaéios organismos, tanto procariontes (Stadtman
and Chock, 1978; wWohlhueter et al., 1973; Foor et al., 1975) como
en eucariontes sencillos (Pateman, 1969; Ssims et al., 1974; Ka-—
poor and Bray, 1968) y organismos superiores (O'Neal an Joy, -_
1975; Rhodes‘et al., 1976; Tate et al., 1972; Kulka et al., 1972,
Milman et al., 1975; Moscona et al., 1972; Soh and Sarkar, 1978).
Para el catabolismo de compuestos nitrogenados en bacterias se ha
propuesto un modelo de regulacidn en el cual la GS juega un papel

central (Margasanik, 1977, Pahel and Tyler, 1979; Kustu et al.,
1979) .

En los fGltimos cinco o seis afios un grupo de investi-—
gadores del pais hemos emprendido el estudio de la glutamino sin-—

tetasa en Neurospora crassa. Este estudio ha abarcado midltiples

aspectos: el gené&tico (D&avila et al., 1978), la purificacidn y
estructura de la GS (Palacios, 1976), su caracterizacidn inmuno-—
18gica (Palacios et al., 19277; S&nchez et al., 1979) su estruc-

tura monomé&rica (Davila et al., 1980, Sa&nchez et al., 1980), 1la




?al cios- et al., :1977;
Sa&nchez et al., 1978; Hansberg 1 4 »
1980), la estructura ollgomér

do et al.,.

1a78;,

de vida vegetativo

medicién de los ni-

especifico de GS en

1a'conidia en condiciones

la actlv;dad de la GS a nlvel'de su sinte51s especifica (Quinto

et al., 1977_;‘ Espin ‘et al., 1979)_. Debido a ello hemos determi-—
nédo los niveles ‘del ARNm de la GS en la conidias (Hansberg et al
1979) y en el micelio vegetativo (Sinchez et al., 1978), incuba—

dos en distintas fuentes de nitrégeno.

Para el caso de las conidias, se encontrd gue Neuros-—
pora crassa contiene una cantidad importante de ARN mensajeros -—
preempacados en las conidias qQue se evidencian al ser traduci--

dos en un gran nimeroc de proteinmas en dos distintos sistemas —--—-—




de sintesis de protefinas "libres de c&lulas", En la pobla-
ci6n de ARNm de conidifas sin D{ncubar no se detectS, por inmu-—
noprecipitacién especifica, actividad de ARNm para la GS. En

cambio, cuando las conidias se ‘incubaron durante varias horas

en distintos medios, se'deteéfé édﬁividad del ARNm para GS,

prlnc1palmente en. la £fx  ARNﬁ poli(AL+- La cantidad

de GS. SLntetlzada ARNm>de COniaias incubadas en distintos

medlos correla ion idad especifica de la GS en
las células " ~:’_vez depende de la fuente de nitr&Sgeno
presente en el medlo-de anubaclén. Debido a estos resultados

proponemos. gue ‘las:’ conldlas de. Neurospora crassa regulan su

actividad de GS a nlvel de la transcrlpc16n del ARNm especifi-
co.

En el micelio vegetativo en crecimiento exponencial,
‘la sintesis de GS parece tambi&n estar regulada por los nive—-—
les del ARNm especifico: el ARNm de cultivos crecidos en gluta
mato como nica fuente de nitrdgeno sintetizd mayox cantidad
de GS en el sistema de sintesis prot&ica "in vitre" que el -
ARNm de cultivos crecidos en glutamina como finica fuente de -
nitrdgeno. La diferencia fué& de diez veces cuando se utilizd
para la traduccibn AﬁN polisomal y de cinco veces cuando se —
utiliz& ARN total o enrigquecido en poli(Al).

En conclusidn, la regulacién de la fuente de nitré-—

geno sobre la sintesis de la GS en Neurospora crassa parece -
estar dada por los niveles del ARNm especifico para dicha —--—

enzima.
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A large quantity of prepackaged mRNA is present in conidia of Neurospora crassa as evidenced
by its capacity to direct the synthesis of proteins in two heterologoas cell-free systems. With this
mRNA no in vitro synthesis of glutamine synthetase could be detected by specific immunoprecip-
itation. Upon i bation of the conidia under nongrowing conditions, the specific mRNA for
glutamine synthetase was evidenced in the polyadenylated RNA and to a lesser degree in the
nonpolyadenylated RNA. The amount of specific mRNA correlated well with the specific activity
of glutamine synthetase in the conidia, which was dependent on the nitrogen source in the
incubation medium. Based on these results we propose that conidia of N. erassa regulate its

, Instituto de Investigaciones Biomeédicas, Universidad Nacional

glutamine synthetase activity at the transcriptional level.

INTRODUCTION

Preexisting mRNA in conidia of Neuro-
spora crassa is suggested by the increase
in polysomes during the first 10 min of
conidial hydration (Mirkes, 1974) and is
also thought to be responsible for RNA
competition in hybridization experiments
(Bhagwat and Mahadevan, 1970) and for
germination in the absence of RNA synthe-
sis (Inoue and Ishikawa, 1970). We now
present direct evidence for the existence of
active mRINA stored in the conidia: Poly-
adenylated RNA from unincubated spores
is capable of directing the synthesis of a
variety of proteins in two heterologous cells
free systems.

N. crassa conidia have an active nitrogen
metabolism when incubated under non-
growing conditions as evidenced by the syn-
thesis and accumulation of glutamine and
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arginine (Espin and Mora, 1978) and glu-
tamine synthetase (GS) de novo synthesis
which is dependent on the nitrogen source
supplied in the medium (Espin et al., 1979).
The question then arises as to how the
conidia of N. crassa regulate GS synthesis:
Is it by adjusting the level of its specific
mRINA, or is specific mRNA prepackaged
and translated according to enzyme de-
mand? Our results indicate that GS mRNA,
seemningly absent in the unincubated co-
nidia, appears during incubation of the
spores in amounts depending on the nitro-
gen source and in direct proportion to the
GS specific activity.

MATERIALS AND METHODS

Organisms and culture conditions.
Wild-type 74 A and proline auxotroph prol-
3A strains came from the Fungal Genetics
Stock Center at Humboldt State University
Foundation, Arcata, California. They were
grown on slants with minimal medium N
(MM) of Vogel (1954) supplemented with
1.5% (w/v) sucrose during 3 days in the
dark at 29°C followed by 2 days in the light
at 25°C. For the prol-3A slants, 100 pg/ml
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proline was added to the medium.

Conidia were harvested with distilled wa-
ter, filtered through glass wool, and incu-
bated 1 hr in MM-sucrose without a nitro-
gen source or with 5 mM glutamine or 1
mM cysteine. After incubation, spores were
filtered through Whatman No. 41 paper
and dehydrated with acetone. When no in-
cubation was carried out, conidia were col-
lected with ice-cold water and immediately
filtered and dehydrated.

RNA extractions. Poly(A)” RNA was ex-
tracted according to a method developed in
our laboratory which, instead of eliminating
proteins with solvents, uses protein dena-
turation with sodium dodecyl sulfate
(SDS), high salt, and mercaptoethanol; ex-
tracts were passed directly through
oligo(dT)cellulose columns. A comparison
of this method with two other reported
methods will be published elsewhere.
Briefly, 1 g of conidial acetone powders was
ground with dry ice, resuspended, and ho-
mogenized in 10 ml cold buffer containing
10 mM Tris—-HCIl, pH 7.4, 10 mM MgCl,,
500 maZ NaCl, 1 M 2-mercaptoethanol,
0.5% SDS, 0.5% sodium deoxycholate, and
0.005% dextran sulfate. The homogenates
were incubated 10 min at 30°C and centri-
fuged 5 min at 1500g. Each pellet was
washed twice with T Na-SDS (10 mAZ Tris—
HCIl, pH 7.4, 500 mAM NacCl, 0.5% SDS), and
the three supernatants were pooled and
stored overnight at —20°C. After thawing,
the suspension was centrifuged 10 min at
12,0002 and the supernatant was passed
through a column of oligo(dT)cellulose
(Type 7, P-L Biochemicals, Inc.), previ-
ously equilibrated with TNa-SDS buffer at
room temperature. The column was washed
exhaustively with TNa-SDS solution until
no absorbance at 230 nm in the flowthrough
could be detected. The poly(A)” RNA was
eluted with T-SDS buffer (10 mM Tris—
HC1, pH 7.4, 0.5% SDS), adjusted to 150
mM sodium acetate, and precipitated over-
night at —20°C with 2 vol of ethanol.

The poly(A)” RNA was extracted from
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the supernatant that did not adsorb to the
oligo(dT)cellulose column. It was precipi-
tated overnight at —20°C with 2 vol of
ethanol, resuspended in 20 ml of a buffer
containing 100 mM Tris, pH 9, 100 mM
NaCl, 10 mM EDTA, and 1% SDS, and
extracted three times with an equal volume
of phenol:chloroform:isoamylalcohol (50:
50:1) and once with 1 vol of chloroform.
The aqueous phase was adjusted to 150
mM sodium acetate and precipitated at
—20°C with 2 vol of ethanol.

Poly(A)* and poly(A)- RNAs were
washed three times with 2 and 10 ml, re-
spectively, of 3 M sodium acetate and pre-
cipitated again with ethanol. The RNAs
were collected by 30-min centrifugation at
15,0002, washed with cold 70% ethanol so-
lution, and dried. The RINAs were dissolved
in distilled water at concentrations of 1 pug/
pl for the poly(A)" and 20 pug/ul for the
poly(A)~ RNA.

Determination of glutamine synthetase
activity. Glutamine synthetase was ex-
tracted according to the method described
by Vichido et al. (1978). Briefly, conidial
acetone powders were ground with dry ice
and homogenized with 10 vol of extraction
buffer (5 mM K.:HPO,, 50 mM K.SO,, 0.5
mM EDTA, pH 7.2). After centrifugation
for 20 min at 12,000 g, the extraction pro-
cedure was repeated on the pellet. Trans-
ferase activity of GS was measured in the
combined supernatants and in the pellet
following the method described by Fergu-
son and Sims (1971). Units of enzyme activ-
ity are expressed as micromolecules of y-
glutamyl hydroxamate produced per min-
ute at 30°C. Specific activity was obtained
by calculating the total enzyme activity of
the culture and dividing it by the total
protein content of the culture. Protein was
determined by the method of Lowry et al
(1951).

Protein synthesis in cell-free systems.
Wheat germ extract for the cell-free system
was prepared according to Roberts and Pa-
terson (1973). Incubation mixtures (100 ul)
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contained: 20 mM Hepes-KOH, pH 7.6, 48
mM KCl, 20 mM potassium acetate, 2 mdf
magnesium acetate, 2 mM dithiothreitol, 2
mAM 2-mercaptoethanol, 0.4 mM spermi-
dine, 1 mM ATP, 0.2 mM GTP, 11 mM
creatine phosphate, 4 ug creatine phos-
phokinase, 0.25 mM amino acid mix lacking
methionine, 20-70-uCi of L-[**S]methionine
(L00-400 Ci/mmole, New England Nu-
clear), 20 ul of wheat germ extract, and 1-
15 pg of poly(A)* RNA. Incubation was
carried out for 2 hr at 30°C and the reaction
was stopped by cooling at 4°C and adding
0.2 vol of a solution containing 10 mA Tris—
HC), pH 7.2, 100 mM methionine, 720 mM
NacCl, 5% sodium desoxycholate, and 5%
Triton X-100. Aliquots of 5 ul were applied
to Whatman GF/C filters and precipitated
with 10% trichloroacetic acid (TCA). The
filters were boiled, washed exhaustively
with 5% TCA, dried, and counted in PPO-
toluene (4 g/liter) in a liquid scintillation
spectrometer.

The rabbit reticulocyte cell-free system
was used essentially as described by Pal-
miter (1973) with minor modifications (Pa-
lacios et al., 1977). When it was pretreated
with micrococcal calcium-dependent nu-
clease (P-L Biochemicals, Inc.), the method
of Pelham and Jackson (1976) was followed.

Immunoprecipitation of glutamine syn-
thetase. Glutamine synthetase was purified
by a procedure based on affinity chroma-
tography on anthranilate-bound Sepharose
(Palacios, 1976). Goat y-globin monospe-
cific for GS was obtained as described (San-
chez et al., 1978). GS was immunoprecipi-
tated after incubation of the cell-free sys-
tem by a direct procedure using 5 ug of
purified GS as a carrier and 3 mg of specific
antibody (Palacios et al., 1977). The im-
munoprecipitates were kept at —20°C until
dissolved for electrophoresis.

Electrophoresis and fluorography.
Either immunoprecipitates or 5 pul of the
incubated cell-free mixtures was applied on
a 1.5-mm-thick, 11% polyacrylamide-SDS
gel and electrophoresed according to La-
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emmli (1970). Gels were stained with 0.1%
Coomassie blue in 25% isopropanol-10%
acetic acid and destained in 5% isopropa-
nol-5% acetic acid. Gels were then impreg-
nated with PPO, dried, and fluorographed
as described by Bonner and Laskey (1974).
GS bands of the same gels were sometimes
cut off, then autoclaved 30 min in vials
containing 0.2 ml of 30% H.0., and the
incorporated radioactivity was counted in
10 ml Bray solution in a liquid scintillation
spectrometer.

RESULTS

All incubations of the conidia were car-
ried out under nongrowing conditions, using
either the proline auxotroph prol-3A with-
out proline or the wild-type 74A strain in
MM-sucrose devoid of nitrogen. Under
these conditions no increase in biomass was
detected and GS synthesis was regulated
by the nitrogen source present in the me-
dium (Espin et al., 1979).

Poly(A)™ RNA from unincubated co-
nidia. Poly(A)* RNA was extracted from
unincubated conidia of 74A and prol-3A
strains. The extraction method described in
this paper allowed us to obtain around 100
pg of poly(A)* RINA per gram of conidial
acetone powder. This RNA was assayed for
its capacity to direct protein synthesis in
two heterologous cell-free systems. Incor-
poration of L-[*’S]methionine into proteins
using the wheat germ cell-free system chal-
lenged with poly(A)* RNA extracted from
conidia of strain 7T4A is shown in Fig. 1A.
There was a linear increase in the label
incorporated into total protein with in-
creasing amounts of poly(A)* RNA until a
saturation point around 0.2 mg/ml was
reached. Subsequent experiments were per-
formed at nonsaturating RNA concentra-
tions. The label was incorporated into a
large number of proteins of different molec-
ular weight as evidenced by SDS-poly-
acrylamide gel electrophoresis and fluoro-
graphy (Fig. 1B). The fluorographic pattern
resembled the one obtained with polysomal
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Fi1G. 1. Protein synthesis in the wheat germ cell-free system. (A) Incorporation of L-[*S]methionine into
total protein with increasing amounts of poly{(A)* RNA from unincubated conidia (@) or from conidia incubated
1 hr in a nitrogen-free medium (O). (B) Fluorography of total labeled proteins synthesized in the wheat germ
systemn and separated in a SDS-polyacrylamide slab gel. Proteins synthesized with poly(A)* RNA from
unincubated conidia (1), without adding RNA (2), with polysomal RNA from growing mycelium (3). (C)
Fluorography of total labeled proteins synthesized in the reticulocyte system (pretreated with calcium-depend-
ent nuclease) and electrophoresed in a SDS-polyacrylamide slab gel. Without added RNA (1), with poly(A)~
RNA from unincubated conidia (2), with poly(A)* RNA from a mixture of unincubated conidia and exponentially
growing mycelium (3), with poly(A)* RNA from exponentially growing hyphae (4).

RNA from exponentially growing hyphae,
although some qualitative and quantitative
differences were detected (Fig. 1B). Similar
results were obtained with the reticulocyte
cell-free system pretreated with calcium-
dependent nuclease and challenged with
poly(A)* RNA from unincubated conidia,
a mixture of unincubated conidia and ex-
ponentially growing mycelium, and expo-
nentially growing hyphae (Fig. 1C).
Glutamine synthetase activity. GS spe-
cific activity of 74A and prol-3A conidia
was very low but increased upon incubation
in MM-sucrose without a nitrogen source
and remained relatively low in the prol-3A
strain when glutamine was added to the
medium (Fig. 2). During incubation there
was no measurable increase in biomass, al-

though formation of a small germ tube was
observed. Upon addition of cysteine to the
medium, which is known to inhibit germ
tube formation (Schmit and Brody, 1976),
GS activity increased at the same rate as
without cysteine (Fig. 2).

Detection of GS mRINA. In order to de-
tect whether GS was synthesized in vitro,
using poly(A)* RNA from unincubated co-
nidia, immunoprecipitations with monospe-
cific antibodies directed against purified GS
were carried out. Figure 3A shows the im-
munoprecipitates from both the reticulo-
cyte and the wheat germ cell-free systems,
separated by electrophoresis in a SDS-
polyacrylamide slab gel. Immunoprecipita-
tion, which has been shown to be 70-80%
efficient in the reticulocyte cell-free system

i
{
!
!
i
!
i
1
1
i
i
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Fi16. 2. Specific activity of GS during incubation of
conidia. Wild-type 74A strain in MM-sucrose without
nitrogen source (O——O). Prol-3A strain in the same
medium (A A) or supplemented with glutamine
(A A). Strain 74A in nitrogen-free medium with
cysteine (O——{).

(Sanchez et al., 1978), was comparable in
both systems as judged by the amount of
immunoglobulins and carrier GS that en-
tered into the gel. As seen in the fluorog-
raphy of this gel (Fig. 3B), radioactive GS
was obtained with the polysomal RNA ex-
tracted from vegetative hyphae, but no de-
tectable amount of active mRNA for GS
seemed to be present in the poly(A)* RNA
derived from unincubated conidia. An ex-
periment was performed in which equal
amounts of hyphae and unincubated co-
nidia were mixed, then poly(A)* RNA was
extracted as usual and assayed in the retic-
ulocyte cell-free system pretreated with cal-
cium-dependent nuclease (Fig. 1C). Syn-
thesis of GS with this RNA corresponded
to about half the amount of mycelium
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poly(A)* RINA added to the assay (Fig. 4A).
This result discarded the possibility that
the absence of in vitro GS synthesis with
RNA from unincubated conidia wsas due
to an inhibitory effect or to RNA degrada-
tion during conidial RNA extraction.

When the poly(A)* RNA was extracted
from spores after 1 hr of incubation in a
nitrogen-free medium, GS synthesis was
readily detected in the cell-free system. To
test if the amount of mRNA for GS was
different in the conidia incubated in a ni-
trogen-free medium, as compared with
those incubated in the presence of gluta-
mine, poly(A)* RNA from prol-3A spores
was isolated and assaved in a reticulocyte
lysate cell-free system pretreated with cal-
cium-dependent nuclease. Poly(A)* RNA
from unincubated conidia seemed not to
incorporate label into GS protein, while
both RNAs from incubated conidia had
label associated with GS (Fig. 4B). RNA
extracted from conidia incubated in a nitro-
gen-free medium incorporated 2.4 times
more radioactivity into GS than RNA de-
rived from spores incubated in a glutamine-
containing medium (Fig. 4B). Poly(A)~
RNA from incubated conidia also showed
some radioactivity associated with GS, al-
though to a much lesser extent than
poly(A)" RNA (data not shown).

DISCUSSION

Poly(A)*" RNA in the unincubated co-
nidia efficiently directed the synthesis of a
great number of proteins in the wheat germ
cell-free system (Figs. 1A and B) and in the
rabbit reticulocyte cell-free system pre-
treated with calcium-dependent nuclease
(Fig. 1C). Since conidia are dormant cells,
this RINA represents stored mRNA. The
analysis of the proteins which are coded by
these prepackaged messengers could give
us information on the mechanism of co-
nidiogenesis and the germination process.
Conidia have been thought of as metabol-
ically arrested cells formed because of water
and nutrient shortage at the tip of the
conidiophores, germination being the rever-
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Fi1G6. 3. Immunoprecipitation of N. crassa glutamine synthetase synthesized in the reticulocyte and wheat
germ cell-free systems. (A) Immunoprecipitation separated by electrophoresis in a 11% SDS-polyacrylamide
slab gel. Reticulocyte cell-free system challenged with 10 pg of poly(A)* RNA from unincubated conidia (1) or
with 40 ug of polysomal RNA from exponentially growing vegetative hyphae (2). Wheat germ cell-free system:
without RNA (3), with 10 ug of poly(A)* RNA from unincubated conidia (4), and with 40 pg polysomal RNA
from exponentially growing mycelium (5). Total protein counts subjected to immunoprecipitation were 2 X 10"
for each sample of wheat germ incubation mixture. (B) Fluorography of the same gel.

sal of the whole process (Mirkes, 1974). If
this is so, one would expect to find in the
conidia the mRNAs for proteins synthe-
sized in the conidiophores. Messenger for
different enzymes would certainly be in-
cluded. On the other hand, specific mRNAs
could be actively stored during conidiogen-
esis, and this may confer some advantages
to the conidia at the moment of germina-
tion. We personally favor this last possibil-
ity, since spores, like plant seeds, pollen
grains, and unfertilized eggs, contain large
amounts of stored products which are used
during a later developmental stage. Conidia
of N. crassa consume the large pool of
glutamic acid (2.5% of the conidial dry
weight) within the first hour of germination
(Schmit and Brody, 1975). Stored mRINA
could be part of a *“survival package” re-
quired by the conidia to rapidly activate
their metabolism and adjust it to growing
conditions.

Glutamine synthetase is a key enzyme in
nitrogen metabolism (Stadtman, 1973). The
regulation of eukaryotic GS has been stud-
ied in different biological systems, and con-
trols at the levels of enzyme synthesis (Mos-
cona et al., 1971; Sims and Ferguson, 1974),
enzyme degradation (Arad et al., 1976; Sims
and Ferguson, 1974), and amount of trans-
latable GS mRNA (Sarkar and Griffith,
1976; Soh and Sarkar, 1978) have been dem-
onstrated.

In the exponentially growing mycelium
of N. crassa, GS activity and concentration
are regulated by the nitrogen source in the
medium (Vichido et al., 1978). Regulation
of GS by the nitrogen source is exerted at
the level of enzyme synthesis (Quinto et al.,
1977) by adjusting the amount of active GS
mRNA (Séanchez et al., 1978).

As first found by Espin et al. (1979), the
nitrogen source in the medium regulates
GS synthesis in the conidia incubated un-
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F1G. 4. Fluor 1 hy of the i ecipitated GS synthesized in the reticulocyte cell-free system pre-
treated with calci 1, and electrophoresed in a SDS-polyacrylamide slab gel. (A) Mixing
experiment with: poly(A)' RNA from unincubated conidia (1), poly(A)* RNA from a mixture of unincubated

idia and exp: ially growing mycelium (2), and poly(A)* RNA from exponentially growing hyphae (3).

Tot.al protein counts subjected to immunoprecipitation were 0.5 X 10" for each sample. (B} GS synthesis during

bation of the idia with different nitrogen sources: without RNA (1), with poly(A)* RNA from unincubated
conidia (0.2 x 10" counts incorporated into total protein) (2), with poly(A)* RNA from conidia incubated for 1
hr in a nitrogen-free medium (3, 4, and 5) (0.5 x 10% 1 X 10% and 2 x 10" counts, respectively), and with
poly(A)* RNA from conidia incubated for 1 hr in a medium with glutamine as the sole nitrogen source (6 and
7} (1 % 10" and 0.5 x 10" counts, respectively).

der nongrowing conditions. Enzyme activ- germination in parallel to the enzyme-spe-
ity appears to be regulated even in the cific activity. After 1 hr of incubation, co-
absence of germ tube formation, since the nidia had two to three times more GS
addition of cysteine to the medium did not - mRNA in a medium devoid of nitrogen
affect the GS activity (Fig. 2), while it pre- than in a medium with glutamine as the
vented the emergence of the germ tube sole nitrogen source (Fig. 4B). We conclude
(Schmit and Brody, 1976). Right from the from these experiments that conidia of N.
beginning of incubation there was a great crassa regulate GS-specific activity by ad-
increase in GS activity in the absence of a justing the amount of active mRNA for this
nitrogen source, while the addition of glu- enzyme. This regulation is probably exerted
tamine prevented this increase (Fig. 2). The at the transcriptional level, although regu-
GS-specific mRNA seemed to be absent in  lation during the processing of the GS-spe-
the unincubated conidia (Figs. 3 and 4). cific mRNA could be an alternative. This
RNA extracted from a mixture of exponen- last possibility could best be tested by de-
tially growing mycelium and unincubated tection of GS-specific RNA sequences with
conidia gave an intermediate GS synthesis a specific DNA probe.
value (Fig. 4A), excluding RNA degrada-
tion during conidial RNA ex‘{‘a‘:tion or an encouragement and criticism throughout this work.
inhibitor effect in the translation assay. We also would like to thank Dr. Fernando Bastarra-
The GS-specific mRNA appeared during chea and Dr. Carlos Larralde for critically reading the
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Neurospora crassa glutamine synthetase mRNA was measured by its capacity
to direct the synthesis of the specific protein in a cell-free system derived from
rabbit reticulocytes. N. crassa cultures grown on glutamate as the sole nitrogen
source had higher mRNA activities than did those grown on glutamine. The
differences were about 10-fold when polysomal RN A was used for translation and
about 5-fold when either total cellular RN A or polyadenylic acid-enriched cellular
RNA was used. These data indicate that in exponentially growing V. crassa, the
nitrogen source regulates glutamine synthetase by adjusting specific mRNA

levels.

Glutamine synthetase (EC 6.3.1.2) is a key
enzyme in nitrogen metabolism. Its regulation
has been extensively studied in different orga-
nisms, including procaryotes (1, 4, 20), simple
eucaryotes (13, 16), and higher organisms (6, 8,
9, 17, 18). We have studied Neurospora crassa
glutamine synthetase and found that both the
nitrogen and the carbon sources participate in
its regulation (7; L. Vichido, Y. Mora, C. Quinto,
R. Palacios, and J. Mora, J. Gen. Microbiol,, in
press). In both exponentially growing mycelia
(14) and nongrowing conidia (G. Espin, R. Pa-
lacios, and J. Mora, submitted for publication),
the regulation of glutamine synthetase by the
nitrogen source is expressed at the level of spe-
cific enzyme synthesis. N. crassa glutamine syn-
thetase has been purified and partially charac-
terized (10), and its specific mRNA has been
translated in vitro (11). The present study deals
with the quantification of glutamine synthetase
mRNA levels of cultures grown on either gluta-
mate or glutamine as the sole nitrogen source.
The data indicate that the nitrogen source reg-
ulates glutamine synthetase synthesis by adjust-
ing specific mRNA levels.

MATERIALS AND METHODS

Strains and growth conditions. N. crassa wild-
type strain 74 A was used throughout this study. A
mycelium was grown from an inoculum of conidia on
Vogel minimal medium N (19) supplemented with
1.5% sucrose and containing 5 mM glutamate or 5 mM
glutamine as the sole nitrogen source as previously
described (14). Eight hours after the inoculation of
conidia, the mycelium was filtered through Whatman
no. 41 paper and stored at —70°C until used for poly-
some or RNA extraction.

Preparation and characterization of anti-glu-
tamine synthetase antibodies. Glutamine synthe-
tase was purified by a procedure based on affinity
chromatography on anthranilate-bound Sepharose
(10). To obtain specific antibodies, goats received in-
tramuscular injections of 1 mg of the purified protein
in complete Freund adjuvant, followed by two boosters
of the same dose at 15-day intervals. One week later,
goats were bled from the carotid artery. Sera obtained
from the different bleedings were pooled, and the total
gamma globulin fraction was prepared by three con-
secutive precipitations with 40% saturation ammo-
nium sulfate. The final precipitate was dissolved in 10
mM sodium phosphate (pH 7.2) containing 150 mM
NaCl, dialyzed against the same buffer, and frozen at
—70°C. This goat antibody fraction appeared to be
monospecific for glutamine synthetase by different
experimental criteria: double immunodiffusion, im-
munoelectrophoresis. precipitation of in vivo-labeled
glutamine synthetase. and precipitation of glutamine
synthetase activity. Conditions of immunoprecipita-
tion were similar to those previously reported (11, 14).

Preparation of in vivo-labeled glutamine syn-
thetase. An N. crassa culture grown 8 h on glutamate
as the sole nitrogen source was labeled for 2 h with 1
nCi of [Hlmethionine (New England Nuclear, 15
Ci/mmol) per ml. After the labeling, the mycelium
was collected and glutamine svnthetase was purified
as previously described (10). The purified preparation
had a specific activity of 10" cpm/mg of protein.

Preparation of N. crassa polysomes, Polysomes
were prepared as described by Gray and Cashmore for
plant leaf tissue (5) with some modifications. Glass-
ware was autoclaved, and all procedures were per-
formed at 4°C. Mycelia were homogenized in 50 mM
tris(hydroxymethyl)aminomethane (Tris) buffer (pH
8.5) containing 0.4 M KCIi, 20 mM MgCl,, 7 mM 2-
mercaptoethanol, 0.25 M sucrose, and 500 ug of hepa-
rin per ml. The homogenate was centrifuged 15 min at
10,000 rpm in a Sorvall H-B4 rotor; the supernatant
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was made 0.5% in both Nonidet P-40 and sodium
deoxycholate and layered over discontinuous sucrose
gradients containing 3 ml of 2.5 M, 3 ml of 1.0 M, and
1 ml of 0.5 M sucrose prepared in 50 mM Tris (pH 8.5)
containing 0.1 M KCIl, 20 mM MgCl,, 14 mM 2-mer-
captoethanol, and 100 ug of heparin per ml, Gradients
were centrifuged at 27,000 rpm for 8 h in the Sorvall
HB-4 rotor. After centrifugation, the supernatant and
the 0.5 and 1.0 M sucrose layers were discarded and
the pellet was suspended in the 2.5 M sucrose cushion.
The sample was then filtered through a Sephadex G-
25 column equilibrated in the same buffer. The poly-
some preparation was frozen at —70°C for up to 1
month.

Preparation of N. crassa RNA. To prepare total
cellular RNA, mycelia were homogenized at room
temperature with 2 volumes of 0.1 M Tris-hydrochlo-
ride (pH 9.0 at 25°C), 0.1 M NaCl, 10 mM ethylene-
diaminetetraacetate, 1% sodium dodecyl sulfate, and
2 volumes of phenol-chloroform-iscamyl alcohol
(50:50:1). The aqueous phase was separated by cen-
trifugation for 10 min at 10,000 rpm in the Beckman
SW27 rotor and extracted twice more with 1 volume
of phenol-chloroform-isoamyl alcohol (50:50:1). The
aqueous phase was made 0.15 M in NaCl and precipi-
tated overnight with 2 volumes of ethanol. The pellet
after centrifugation was washed three times with 2.0
M LiCl. containing 10 mM ethylenediaminetetraace-
tate (12), dissolved in water, and precipitated twice
more with ethanol. The final pellet was blown with a
stream of nitrogen gas to remove traces of ethanol and
suspended in a small volume of water.

To prepare polysomal RNA, 1 volume of the poly-
some preparation was mixed with 2 volumes of 0.1 M
Tris-hydrochloride (pH 9.0 at 25°C), 0.1 M NaCl, 10
mM ethylenediaminetetraacetate, and 1% sodium do-
decyl sulfate and treated as described for the prepa-
ration of total cellular RNA,

To prepare polyadenylic acid-enriched cellular
RNA., mycelia were homo ized at room temperature
in 3 volumes of 10 mM Tris-hydrochloride (pH 7.6)
containing 0.5 M NaCl, 10 mM magnesium acetate, 1.0

2-mercaptoethanol, 0.5% sodium dodecyl sulfate,
0.5% sodium deoxycholate, and 0.005% dextran sulfate.
The homogenate was incubated 10 min at 37°C and
centrifuged 10 min at 10,000 rpm in the Sorvall HB-4
rotor. The supernatant was then chromatographed in
a column of oligodeoxythymidylic acid-cellulose equil-
ibrated in 10 mM Tris-hydrochloride (pH 7.6) contain-
ing 0.5 M NaCl and 0.5% sodium dodecyl sulfate. After
washing with the same buffer until no absorbance at
260 nm was obtained, RINA was eluted with 10 mM
Tris-hydrochloride containing 0.5% sodium dodecyl
sulfate. The fractions containing absorbance at 260
nm were pooled, made 0.15 M in NaCl, and precipi-
tated with 2 volumes of ethanol at —20°C. The pellet
obtained after centrifugation was washed with LiCl:
and processed as described above. All RNA prepara-
tions were stored at —70°C.

Incubation of reticulocyte lysate and quanti-
fication of in vitro-synthesized glutamine syn-
thetase. Reticulocyte lysate was incubated as previ-
ously described (11), using [**S}methionine (New Eng-
land Nuclear, 400 Ci/mmol), at a concentration of 200
uCi/ml, as the labeled amino acid. After 90 min of
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incubation, the reaction was stopped and 100-ul por-
tions were used to immunoprecipitate glutamine syn-
thetase by a direct procedure (11), using 5 ug of carrier
purified glutamine synthetase and 3 mg of specific
antibody. In some experi 8, a trace of
purified glutamine synthetase labeled in vivo with
[*H}methionine was added before immunoprecipita-
tion, Immunoprecipitates were separated by centrifu-
gation through discontinuous sucrose gradients (11)
and subjected to acrylamide slab gel electrophoresis
followed by staining with Coomassie brilliant blue and
fluorography (3). To quantify in vitro-synthesized glu-
tamine synthetase, the specific protein band was cut
and digested with H.O.. Bray solution was then added
(10 ml), and the samples were counted for "H/*S
double label in a Packard Tri-Carb model 3390 liquid
scintillation spectrometer. The spillover of S into the
“H channel was 8%.

RESULTS

The experimental approach followed to deter-
mine glutamine synthetase mRNA levels de-
pended on the quantitative isolation of the in
vitro-synthesized enzyme protein as well as on
obtaining nondegraded polysomes and RNA
from N. crassa. The isolation of the protein was
accomplished by specific immunoprecipitation,
The reticulocyte lysate system that incorporates
[**S]methionine as the labeled amino acid was
incubated in the presence or in the absence of
N. crassa polysomal RNA (Fig. 1). After incu-
bation, nonlabeled purified glutamine synthe-
tase was added, and each reaction mixture was
divided into two aliquots, one of them receiving,
in addition, a trace amount of purified glutamine
synthetase labeled in vivo with [’H]methionine.
The preparations were immunoprecipitated
with specific antibody, and the immunoprecipi-
tates were subjected to acrylamide slab gel elec-
trophoresis in the presence of sodium dodecyl
sulfate, stained with Coomassie brilliant blue,
and treated for fluorography. After fluorogra-
phy, gels were cut and each slice was counted
for double label ("H/**S). As judged by the
stained pattern, the immunoprecipitates con-
tained three major protein bands, corresponding
to the heavy chain of gamma globulin, glutamine
synthetase, and the light chain of gamma glob-
ulin. On the other hand, the fluorographic and
radioactivity patterns indicated that the only
labeled protein in the immunoprecipitates mi-
grated with the mobility of glutamine synthe-
tase. When the protein-synthesizing system was
incubated in the absence of N. crassa RNA, no
¥S.protein was found in the immunoprecipi-
tates; when the system was incubated in the
presence of N. crassa RNA and glutamine syn-
thetase labeled in vivo with *H was added before
immunoprecipitation, both the *H and the *S
labels migrated in the gel as a single peak. Al-
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though the immunoprecipitates did not. show
the presence of contaminating proteins bands, in
all experiments performed in the present study
the immunoprecipitates were run in acrylamide
gels and subjected to fluorography before quan-
titation of the radioactivity present in the glu-
tamine synthetase band. This approach provides
direct evidence on the specificity of the immu-
noprecipitation in each individual point.

The following experiments were performed to
quantitate the levels of glutamine synthetase
mRNA in N. crassa mycelia grown on glutamate
or glutamine as the sole nitrogen source. We
have previously shown that when N. crassa is
grown on glutamate, the glutamine synthetase
specific activity is about 10-fold higher than that
found when it is grown on glutamine and that
this difference correlates positively with the rel-
ative rates of enzyme synthesis found under both
conditions (14).

The reticulocyte lysate system was incubated
in the presence of different concentrations of
polysomal RNA from cultures grown on gluta-
mate or glutamine as the nitrogen source (Fig.
2). Immunoprecipitation of the in vitro-synthe-
sized protein was performed in the presence of
purified glutamine synthetase labeled in vivo
with [*H]methionine. The amount of *H in the
specific immunoprecipitates was fairly constant
and accounted for about 80% of the input radio-
activity (Fig. 2A and B). On the other hand, **S
radioactivity increased in the immunoprecipi-
tates as a function of RNA concentration. To
accurately quantitate the amount of in vitro-
synthesized glutamine synthetase, either the net
amount of S or the **S/’H ratio found in the
glutamine synthetase band was used. Both pro-
cedures coincided and were linear with respect
to RNA concentration (Fig. 2C). The slope of
the line was about 10-fold higher for the RNA
extracted from the culture grown on glutamate
than that for the RNA from the culture grown
on glutamine. When mycelia from both condi-
tions were mixed before the RINA was extracted,
the amount of glutamine synthetase-translata-
ble mRNA gave intermediate results (data not
shown), indicating that there was no preferential
degradation of RNA in either of the conditions
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Fi16. 1. Electrophoresis of immunop ipitated

glutamine synthetase synthesized in vivo and in vitro.
The reticulocyte lysate system was incubated in the
absence (A, B) or in the presence (C, D) of polysomal
RNA (320 pg/ml) extracted from a culture grown on
glutamate as the sole nitrogen source. Immunoprecip-
itation (see text) of the in vitro-synthesized protein
was carried out after addition of 5 ug of purified N.
crassa glutamine synthetase as carrier and in the
absence (A, C) or in the presence (B, D) of a trace
amount (700 cpm) of glutamine synthetase labeled in
vivo with [*H]methionine. I ipi were

subjected to electrophoresis on acrylamide slab gels
in the presence of sodium dodecyl sulfate, stained
with Coomassie brilliant blue, and treated for fluo-
rography. After 3 days of exposure, the gels were cut
in 3-mm slices and counted for H/*S double label.
Panels show the stained gel (1), the gel after fluorog-
raphy (2), **S counts per minute (@), and *H counts
per minute (O). The arrows in (A) indicate the posi-
tions of the heavy chain of gamma globulin (H),

glutamine synthetase (GS), and the light chain of
lobulin (L)
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F1G6. 2. Glutamine synthetase mRNA activity of N. crassa polysomal RNA. The reticulocyte lysate system
was incubated in the presence of different concentrations of polysomal RNA (see text) extracted from parallel

cultures of N. crassa grown on glutamate or glutamine as the nitrogen source. The immunoprecipitation
reaction was carried out in the pr of a trace

¢ 3 (700 cpm) ofglutamlne synthetase labeled in vivo
with [*H]methionine. The immunoprecipitates were bjs

d to acr slab gel electrophoresis in the
presence of sodium dodecyl sulfate, stained, and treated for fluorography. After fluorography, the stained

glutamine synthetase protein band was cut, digested, and counted. A (culture grown on glutamate) and B
(culture grown on glutamine) show the net amounts of *H (open bars) and *'S (sh 4 bars) radii [vities
in the glutamine synthetase bands. Autoradiography of the glutamine synthetase bands is also shown. C
shows the *°S counts per minute immunoprecipitated expressed as total protein synthesized (closed svmbols)
or the *S/°H ratio in the immunoprecipitate corrected by the total protein synthesized in each reaction (open
symbols) for cultures grown on glutamate (circles) or glutamine (¢riangles). The indicated slopes of the lines
were normalized to that of the culture grown on glutamate, set arbitrarily at 1.0. RNA concentration

corresponds to a 125-pul amount of the reticulocyte lysate reaction.

due to technical manipulation. RNA recovery
from mycelia grown on glutamine was 70% or
more of that grown on glutamate.

Figures 3 and 4 present experiments similar to
that of Fig. 2 but performed with total cellular
RNA or with polyadenylic acid-enriched cellular
RNA, respectively. In each case, RNA extracted
from the culture grown on glutamate presented
higher activity than that extracted from the
culture grown on glutamine. With both RNA
preparations, the differences in mRNA activities
between both cultures were about fivefold.

DISCUSSION
The regulation of eucaryotic glutamine syn-

thetase has been studied in different biological
systems, and controls at both the level of enzyme

synthesis (8, 16) and the level of enzyme degra-
dation (2, 16) have been demonstrated. Sarkar
and Griffith (15) have measured the levels of
translatable glutamine synthetase mRNA from
chick retina, and their data indicate that steroid
hormones increase the concentration of specific
mRNA in polysomes.

We have studied the regulation of V. crassa
glutamine synthetase by growing the fungus in
the presence of the substrates or the product of
the enzyme and have found that the nature of
the nitrogen source during exponential growth
regulates enzyme synthesis while exerting no
effect on enzyme degradation (14).

In the present study, the in vitro translation
of N. crassa RNA isolated by three different
procedures (Fig. 2 through 4) indicates that the
nitrogen source used for growth regulates the



884 SANCHEZ ET AL.

2
=
=4 L
£ oosf } 0
52 I
=3
=
s
(7] A
a o4l . -
Iy
—~0Q.23
. e
0o 20 40 &0 80 100
pg  RNA

Fi1G. 3. Glutamine synthetase mRINA activity of N.
crassa total cellular RNA. The reticulocyte lysate
system was b d in the pr of different
concentrations of total cellular RNA (sce text) ex-
tracled from parallel cultures of N. crassa grown on

or ine as the sole nitrogen source.
The i precip e were carried out
in the absence of in vivo- labeled glutamine %ynlhcA
tase. The immunoprecipitates were processed as in
Fig. 2. Symbols are as in Fig. 2C.

levels of translatable glutamine synthetase
mRNA. To our knowledge, this is the first direct
demonstration of the regulation of specific
mRNA levels in N. crassa. To find out if regu-
lation is exerted at the level of transcription,
mRNA processing, or mRNA degradation, a spe-
cific hybridization probe must be obtained. The
search for such a probe is now in progress in our
laboratory.

When polysomal RNA was used for transla-
tion (Fig. 2) a 10-fold difference in active specific
mRINA was found between cultures grown on
glutamate and on glutamine as sole nitrogen
sources. This difference is in accordance with
that previously obtained for the relative rates of
enzyme synthesis measured in vivo (14). On the
other hand, when using total cellular RNA (Fig.
3) or polyadenylic acid-enriched cellular RNA
(Fig. 4) for translation, less marked differences
(4- to 5-fold) were obtained between cultures
grown on glutamate and on glutamine as nitro-
gen sources. The quantitative differences ob-
tained with the different procedures of RNA
isolation are difficult to explain at present. They

J. BACTERIOL.

could be due to differential degradation of spe-
cific mRNA due to technical manipulation, to
different proportions of mRNA versus other cel-
lular RNASs in the two nitrogen conditions, or to
the presence of glutamine synthetase mRNA in
ribonucleoprotein particles outside of poly-
somes.

Polysome profiles from cultures grown on glu-
tamate or glutamine as the nitrogen source do
not show significant differences in amount and
size of total polysomes (data not shown). Fur-
thermore, the translation of RN A isolated from
mixtures of mycelia from both cultures has given
intermediate values (data not shown), between
those found with RNA, extracted from both
cultures, These findings suggest that there is not
significant preferential degradation during the
preparation of RNA from either of the cultures.

We have postulated that the induction of N.
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FiG. 4. Glutamine synthetase mRNA activity of N.
crassa polyadenylic acid-enriched cellular RNA. The
reticulocyte lysate system was incubated in the pres-
ence of different concentrations of polyadenylic acid-
enriched cellular RNA (see text) extracted from par-
allel cultures of N. crassa grown on glutamate or
glutamine as the nzlrogen source. Immunoprecipita-
tion was carried out in the presence of 700 cpm of
glutamine synthetase labeled in vivo with [*H]me-
thtonme. the zmmunoprecnpltales were processed as
in Fig. 2. Symbols are as in Fig. 2C.
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crassa glutamine synthetase when glutamate is
used as the nitrogen source is the result of am-
monia being limited. Furthermore, we have re-
cently reported that ammonia limitation results
in the induction of glutamine synthetase activ-
ity, whereas carbon limitation prevents this in-
duction (7). These findings, together with the
fact that ammonia per se does not impair the
induction of enzyme activity (7), have led us to
propose that carbon exerts a positive role and
that glutamine exerts a negative cne on gluta-
mine synthetase induction (Vichido et al, J.
Gen. Microbiol., in press). Experimental ap-
proaches similar to those in the present study
will be useful to demonstrate the level at which
this regulation takes place.
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