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Glutamine Synthesis Regulates Sucrose Catabolism in Neurospora crassa

By GEORGINA HERNANDEZ AnD JAIME MORA®*
Centro de Investigacion sobre Fijacion de Nitrogeno, Universidad Nacional Autionoma de México,
Cuernavaca, Mor., Mexico

(Received 30 April 1986)

The cffect of glutamine synthesis on sucrose metabolism in Newrospora crassa was studied.
Different inhibitors of glutamine synthetase were used to inhibit glutamine synthesis in mutanis
having a low ammonium assimilation capacity. Sucrose utilization was impaired, as indicated
by a lower concentration and synthesis of intermediates of the tricarboxylic acid cycle and
reduced release of CO;. We propose that a coordinated regulation of carbon and nitrogen
utilization is achicved through sensing of the carbon and nitrogen flows through glutamine
synthesis, mediated by changes in the intracellular content of ATP, which is reduced as a
consequence of glutamine synthesis.

INTRODUCTION

Carbon and nitrogen metabolism interact in the first instance in the reactions of ammonium
assimilation. Carbon compounds. energy and reducing power are required for glutamaite and
glutamine synthesis. In Newrospora crassa glutamate can be synthesized through the
participation of two different enzymes, glutamate dehydrogenase (GDH) (EC 1.4.1.4),
NADPH dependent, which synthesizes glutamate from 2-oxogluturute and ammonium
(Fincham, 1950; Herndndez ef af., 1983) and glutamate synthuse (GOGAT) (EC 1.4.1.13),
NADH dependent, which gives two molecules of glutamate from glutamine and 2-oxoglutarate
(Hummelt & Mora, 1980a, 4). Glutamine synthetase (GS)(EC6.3.1.2) requires ATP and in M.
crassa it is found in two different oligomeric forms composcd of o und /f monomers respectively
(Davila er al., 1980).

Carbon and nitrogen metabolism also interuct in the metabolic steps related to the
distribution of nitrogen from glutamate and glutamine into scveral biosynthetic pathways. In N.
crassa the nitrogen from glutaminc is distributed by the enzymes of the w-umidase hway as
well as by transamidation. Glutamine transaminase synthesizes different amino acids and w-
amidase hydrolyses the resulting 2-oxoglutaramaite to 2-oxoglutarate and ammonium (Calderdn
etal., 1985). The ammonium released by the w-amidase pathway is assimilated notonly by GDH
but also by GS, thus leading to the operation of a glutamine cycle in which this amino acid is
continually degraded and resynthesized (Calderdn er af., 1985; Calderdn & Mora. 1985).
GOGAT also participates in the distribution of the nitrogen from glutamine (Calderdn & Mora,
1985).

The regulation by the nitrogen source of the enzymes that synthesize glutamate or glutamine
(Hemandez er al., 1983; Vichido er al., 1978; Quinto er af., 1977 Sanchez er al., 1978) and the
participation of these enzymes in different ammonium assimilation pathways in N. crassa (Lara
er al., 1982) have been reported. There have also been reports on the regulation of GS and of
GDH by the carbon source in N. crassg and other micro-organisms (Ferguson & Sims, 19744, &;
Hemmings, 1978; Kapoor & Grover, 1970). Mora er al. (1980) reported that when myccelium of

bb ions: GDH, dehydrog : GOGAT, glutamate synthase; GS, glutamine syntheiase; MS,
methionine sulphoximine.
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3316 G. HERNANDEZ AND J. MORA

N. crassa was deprived of the carbon source, the GS was degraded; they proposed that this could
be a regulatory mechanism to conserve energy. However, despite the cost, in terms of carbon
skeletons, reducing power and ATP, of the ammonium assimilation reactions, nothing is known
about the effect of glutamine synthesis on curbon metabolism. We therefore looked for an effect
of glutamine synthesis on sucrose mctabolism in N. crassa.

METHODS

Strains. The Neurospora crassa wild-type strain 744, the GDH-dcficient mutant am-/ (GDH ") and the GS
partial auxotroph gin-Ja (GS*) were from the Fungal Genetics Stock Center (Humboldt State University
Foundation, Arcata, Calif., USA). The double mutai. v~/ gln-Ja (GDH-;GS*) was from the collection of J.
Mora.

Growth conditions. Batch cullures of N. crassa were grown at 37 °C on Voge! minimasl medium (N3 (Vogel, 1964)
containing 1:5% (w/v) sucrose. At this growth temperature o higher GS activity ullowed u higher growth rate in all
the strains used and allowed growth of the glutamine auxotroph (GS* ) on glutamate (Davila er o/, 1978). Other
nitrogen sources uscd in pluce of or in addition to ammonium nitrate are stated in the text. Growth was measured
as described previously (Lara €7 af., 1982) by total protein concentration determined by the Lowry method.

Determination of GS activity. Cell-free extracts were prepared as previously described (Lisras ef of.. 1982; Vichido
et al.. 1978). GS activity was measured as described by Ferguson & Sims (19740). Specific activity was expressed
as units (mg total protein)~!, units being umol yglutamyl hydroxamute produced min~?!.

Ammonium determination. Samples of the medium were collected and ammonium was measured with an Orion
clectrode (Espin ¢r af., 1979).

Determination of amino acid poeols. Samples for amino acid analysis were prepared by homogenizing cells with
802 (v/v)ethanol (Hummelt & Mora, 19800). The amino acids were separated in an Aminco amino acid analyser,
coupled with orthophthalaldehyde (Sigma) and quantified in an Aminco Ratio Fluorometer.

Determis ion of ather bolites. Mycelial samples were collected on membrance filters (Milhpore, type HA,
045 um) and washed with distiled water. Glucose, 2-oxoglutarate and other organic scids were extracted by
resuspending the samples in 0-6 M-HCIO, .

Glucose was determined with a glucose kit (Bochringer Mannhecim). 2-Oxoglutuaruate was determined by
measuring the initial rate of change in A4,.,. using bovine GDH. A sample of the extract was incubated at room

e with 30 r ium sulphate, 0-1 mM-NADH and 00! mlof a 2-52 (v/v) solution of bovine liver
GDH [50 units (mg protein)~'] (Sigma product no. G2626) in 1 m! final volume of 100 mM-potassium phosphate
bufTer pH 7-6.

The intracellular concentration of pyruvate (Table 2) was determined by mcasuring the initial rate of change in
Asao, Using bovine lactic dehydr (LDH). A ple of the extract was incubated at room temperature with
0-1 mM-NADH and 0-01 mlofa 2-5% (v/v) sclution of LDH [400 units {mg protein)~'}(Sigma product no. L1006)
in 1 ml final volume of 100 mM-Tris buffer pii{ 7-8.

To measure the CO; released from [U-'*Clsucrose, sumples of the culture were taken und transierred to a side-
arm tube with fresh medium containing 0:06% sucrose. These cultures rececived a 15 min pulse with
{U-'“Clsucrose (0-5 pCimi-'; 185 kBq mi~'). The CO, released was collected with NaOH (Mora er al., 1972).
The same procedurc was followed to determine the CO; released from {6-'*Clglucose; in this case the fresh
medium contained 0- 3 *; glucose and [6-'*Clglucose (0-5 pCiml-': 18-5 kBq mlI-1),

A aof y incorporated into 2-oxvglutarate from [U-'4Clsucrose. Cultures were labelled for
15 min with [U-'4Clsucrose at 25 pCi m!-t in 2 ml mcdium with the indicated nitrogen source and (-06% sucrose
as carbon source. 2-Oxoglutarate was extracted as described above, and wus completely converted to glutamate
using 0-1 ml ol a 2:5% (v/v) solution of bovine liver GDH [50 units (mg protein)~'](Sigma: as above) and 60 mMm-
NADH in 100 mmMm-potassium phosphate buffer pH 7-6. The reaction was left for 40 min at room temperature and
stopped with 802/ (v/v) ethanol. The precipitated prol:m was scparalcd by centrifugation and the supernatant,

containing the amino acids and oxo acids, was | nd ded in 150 ul lithium citrate buffer
(0-30 M-Li*, 0-053 m-citrate, pH 2:88) (Benson Co., Reno, ch USA; producl no l“lé) The amino acids were
seperated in an Aminco amino acid analyser and the frucucns corr te were 1 and

counted in a liquid scintillation counter. Radioactivity specifically incorporated to 2—oxoglularnle was determined
by subtracting the radioactivity incorparated into glutamate in a control without GDH f(rom that incorporated
when GDH was added.

5

ity incorparated into tricarboxylic acid cycle intermediates from [U-14Clucrase. Cultures
were labelled for 15 min with {U-'*Clsucrose at 25 uCi ml~! in 2 ml medium with the indicated nitrogen source
and 0-06% sucrose as the carbon source. The mycelia were collected and the organic acids were extracted as
described above. The catructs containing the orgsnic acids were stored at 4°C before scparation and
quantification of the tricarboxylic acid cycle intermediates by HPLC (J. Calderén and co-workers, unpublhhed).
The fractions correspondmg to the elution time of each tricarboxylic acid cycle inter i were d and
their radi ity was ed in a liquid scintillation counter.

15



Gl ine synthesis and C metaboli. in N. crassa 317

Measurement of radioactivity incorporated into amino acids from [ U-**Clucrase. Cultures were labelled for 15 min
with {U-"“Clsucrose at 100 uCi ml~! in I ml di with the indi i nitrogen source und 0-06% sucrose as the
carbon source. The mycelis were collected und the amino acid content was determined as described by Hummelt &
Mora (19804a). The rudioactivily incorporated into cach amino acid was dctermined in a liquid scintillation

counter.
Reproducibidity: of results. The experiments reported were cach repeated at least once; representative results are

shown.

RESULTS
Glutamine synthesis and carbon metabolism

The cexperimentual approuach used to study whether glutamine synthesis and carbon
metabolism were coordinutely reguluted consisted in inhibiting glutaumine synthesis and
dctermining whether sucrose catabolism was also impaired. For this purpose we used mutant
strains of A. crasig which had a low ammonium assimilation capacity, so as to make it casier to
achieve a drastic inhibition of carbon and nitrogen flows.

The GDH- mutant strain has a residual growth on ammonium as nitrogen source (Fincham,
1950) duc to the synthesis of glutamate by GOGAT (Hummelt & Mora, 19804, 4). In these
circumstances both 2-oxoglutarate {32 nmol (mg protein)~'} and ammonium (Finchum, 1950),
substrates of GDH, accumulate intracellulurly as a result of the partial block of glutamate
synthesis. When glycine or serinc is added to the medium, the growth of the GDH™ mutant is
totally arrested (Fincham, 1950). These amino ucids are inhibitors of GS from several sources
(Stadtman & Ginsburg, 1974). They are effective inhibitors of N, crassa GS activilty in vitro at
low glutamate concentrations and they also inhibit glutamine synthesis in vivo (Hernandez er al.,
1986). We explain the complete blockage of growth on ammonium of the GDH=- mutant by
glycine and serine as the result of the inhibition of glutamine synthesis in vivo. We studied the
relation between glutamine synthesis and carbon catabolism from sucrose in this GDH~- mutant
by inhibiting GS activity with glycine and scrine and determining the intracellular pools of 2-
oxoglutarate. After 12 h incubation under these conditions the intraccllular pools of 2-
oxoglutarate in the conidia were very low: 2:8 nmol (mg protein)~! on ammonium plus glycine
and 2-4 nmol (ing protein)~?! on ammonium plus serine. These results indicate an inhibition of
sucrose catabolism which may also contribute to the growth inhibition of the GDH ™~ mutant by
glycine and serine. The inhibitory effect of these amino acids on growth of conidia of the GDH*~
mutant strain was reversible, since after 12 h incubation on ammonium plus an inhibitory amino
acid the conidia were able to grow on aummonium as the sole nitrogen source (data not shown).
To see whether the decreased 2-oxoglutariate content was specifically related 1o the inhibition of
GS by glycine or serine, we tried to inhibit the growth of the GDH- mutant with methionine
sulphoximine (MS), a specific inhibitor of GS activity (Ronzio & Mecister, 1968). In this
condition, the 2-oxoglutarate pool! in the conidia wus barely detectable [0-9 nmoal (mg
protein)~']. The sume phenomenon was observed when growth of the wild-type strain on
ammonium was inhibited with MS (data not shown). These results suggested that there could be
a direct relation between glutamine synthesis and 2-oxoglutariate concentration.

The effect of the inhibition of glutamine synthesis on sucrose catabolism was directly tested
by dctermining the synthesis of tricarboxylic acid cycle intermediates over a short period of time
following transfer of previously grown myccelia of the GDH~™ mutant to ammonium or
ammonium plus an inhibitor of GS (glycine or MS) (Table 1). At this time there was a4 very small
difference in growth between each culture and the intracellular glucose content was similar in
every condition (data not shown). The specific radiouctivity of the tricarboxylic acid cycle
intermediates, 2-oxoglutarate, pyruvate, succinate and malate, was lower in mycelium
incubated on amnmonium plus cither glycine or MS; the effect was more apparent in the presence
of glycine (Table 1). .

These experiments indicate that the inhibition of glutumine synthesis prevents sucrose
catabolism at the level of synthesis of the tricarboxylic acid cycle intermediates.

16



3318 G. HERNANDEZ AND J. MORA

Table 1. Synthesis of tricarboxylic acid cycle intermediates in vivo in the GDH~ muiant
Cultures were grown for 12 h on glutumatc und then transferred to the indicated nitrogen swurce. The
concentrutions used were 25 mM-smmonium, 50 ma-glycine and 3 mM-MS. The tricarborylic acid
cycle intermediates synthesized in vivo were quantified afler 30 min incubation on the indicated
nitrogen source; the culturcs rececived a pulse with [U-'*Clsucrose as described in Mecihods. The
experiment was repeated three times: representative results are shown.

Specific rudioactivity (c.p.m. nmol~*)

—
Nitrogen 2-Oxo-

source glutarate Pycuvate Succinate Malate
Ammonium 706 252918 13016 419909
Ammonium +

glycine 79 28598 3702 ND
Ammonium +

MS 159 115978 10930 130423

ND, Not detected.

Table 2. Metabolire contents in the GDH™ ;GS* mutant

Conidia were incubated for 12 h with the indi niu'og:nA The amino ucid concentrations
used were $ mM-glutamine and 50 mM-glycine, scrine or leucine. The experiment was repeated twice;
representative resulis are shown,

Ammonium Metubolite content [nmol (mg protein)-*)
Growth 1 d - —
Nitrogen (ug protein) [pamol (mg 2-Ox0-
source mi—t) P in)-*} Gl Glut i Riutarute Pyruvate Glucose
g © 136 ND 27 23 26
glycine 2 23 33 14} 3 3 78
Glutamine +
serine o 16 7 q22 S 3 8s
Glutaumine +
leucine 77 1 152 279 15 n 10

ND, Not detected.
*There was optimal growth, after an initial lag phase.

Glutamine recycling and carbon merabolism

Glutamine is a very good nitrogen source in N. crassa (Vichido et al., 1978). However, mutants
lacking some of the ammonium assimilation reluted cecnzyme activities, c.g. GDH=-,
GOGAT-:GDH-, and GDH-;GS* strains, have a slower growth rate and/or excrete
ammonium into the medium when glutamine is used as nitrogen source (Calderén et al., 1985;
Calderon & Mora, 1985). This phenomenon is explained by the reduced capacity of the mutants
to assimiluate ammonium derived from glutumine degradation, thus indicating recycling of
glutamine (Calderén & Mora, 1985).

Arrest of growth on ammonium when glutamine synthesis was inhibited was to be expected;
howevcer, as the inhibition of glutamine synthesis aulso affected carbon catabolism from sucrose
(Table 1) this could be a sufficient condition for the inhibition of growth even with glutumine
present. The latter assumption was investigated was investigated by using the double mutant
GDH=>-;GS*, which has a low synthesis of both glutumuate and glutamine, so thut maximal
inhibition of glutamine synthesis by glycine or serine could be achicved: these amino acids very
effectively inhibit the N. crassa GS activity in vitro when glutamate concentration is low
(Hernandcz ¢r al., 1986).

When glutamine was the sole nitrogen source, the culture grew optimally and excreted
ammonium into the medium, and the glutamine pool was undetectable (Table 2). We interpret

17



Glutamine synthesis and C metabolism in N. crassa 3319
Table 3. Synthesis of tricarboxylic acid cycle intermediates in vivo and Co, release in the
wild-type and GS* mutant strains geown on glutamine

Culturcs were pregrown for 12 h on 5 ms-glutamate and then transferred to S ma-glutamine. The
tricarboxylic acid cycle intermediates ;ymhenzed in vivo and CO; rcleased from sucrose were
quantified after 30 min i bation on gl : the received a pulse with (U-*4Clsucrose as
described in Methods. The experiment was repcaled twice; representative results are shown.

Specific radioactivity {c.p.m. nmol- '

‘ 2-Oxo- CO; from sucrose
Strain glutarate Pyruvate Succinate Malate le.p.m. (mg protein)-']}
Wild-type 1798 75075 19563 3527315 231520
GS* mutant 96 16038 1813 69185 9137

the latter as being the result of the degradation of glutamine when the cells were grown on this
amino acid as nitrogen source and of the very low capacity of the GDH~;GS* mutant to
reassimilate ammonia and to synthesize glutaumine. In the presence of glutamine plus glycine or
serine, the growth of the GDH~;GS* mutant was completely abolished, and the non-growing
conidia excreted more ammonium in proportion to their protein content than did the mycelium
growing on glutamine alone (Table 2). Under these conditions, & decrease in intraucellular
glutamate and a large increase in intracellular glutamine were observed (Table 2). The increase
in glutamine was probably due to accumulation from the medium after 12 h incubation in the
absence of growth.

In this experiment leucinc was used as a control because it competes with glutamine uptakein
a similar way to the inhibitory amino acids (Pall, 1969) without inhibiting GS activity. In our
conditions, glutamine uptake was lower in the presence of either glycine, serine or leuc:ne than
with glutamine alone (data not shown). When leucine was added to the medium together with
glutamine, the GDH-:GS* mutant was able to grow after a lng phase; its excrction of
ammonium was barcly detectable and it had high intracellular pools of glutumute and glutamine
(Table 2).

When the GDH=-:GS* mutant was incubated on glutamine plus glycine or serine, the
intracellular pools of pyruvate and 2-oxoglutarate in the inhibited conidia were very low as
compared to those found in conidia germinating on glutamine alonec or on giutamine plus teucine
(Table 2). The intraccllular pools of glucose were higher in the inhibited conidia incubuated on
glutamine plus glycine or serine than in those incubated on glutamine plus leucine or glutamine
alone (Table 2). This indicates that the low pools of 2-oxoglutarate and pyruvate found on
glutamine plus glycine or serine (Table 2) were not due to the lack of glucose. Another
obscrvation consistent with 2-oxoglutarate deficiency being responsible for the low glutamate
content was the prescnce of a high activity of a glycine:2-oxoglutarate transaminase (data not
shown), which could provide intracellular glutamate whenever glycine and 2-oxoglutarate were
present.

The growth-inhibitory cffect of glycine and serine on the GDH-; GS=* mutant strain
incubated on glutamine was reversible, since the conidia were able to grow if the inhibitors were
removed after 12 h,

We conclude that glutamine synthesis was required for growth even in the presence of this
amino acid as the nitrogen source, since the inhibitory effect of glycine and serine on growth of
the GDH~-: GS* mutant corrclated with a deficiency of pyruvate, 2-oxoglutarate and glutamate,
and not with glutamine limitation (Table 2).

The data presented in Table 2 lead us to propose that glutamine synthesis, rather than a
particular absolute glutamine content, is necessary for optimal utilization of the carbon source,
and that glutamine cycling is a necessary condition for growth even in the presence of glutamine.
To obtain further support for this proposition, we measured sucrose catabolism in the presence
of glutamine in the wild-type strain as compared to the GS* mutant, which has a single mutation-
that alters the structurc of the GSpf polypeptide (Davila er a/., 1983), has a 20-fold lower GS

¥4



3320 G. HERNANDEZ AND J. MORA

Growth (g protein mi~')
Amino acid pools | pmol (mg protei

2

o 1
Time (b)

Fig. !. Growth and amino acid pools of the GS* mutant. The culturc was grown for 12 h on 5 mm-
glul-mnle and then lhe mycehum was washed and divided into two cultures. Onec culiure (open

1bols) was 0 5 i at time 0. The other culture {(filled symbols) was first
incubated for 1 h In a rnedlum without a nitrogen source and whh olmu -MS, then washed and
transferred to 5 mu-glutamine. O. @, Growth: A. 4. intracell ; O, W, intracell

glutamine. The experiment was repeated at lcast three times; rcpresemanve results are shown.

activity than the wild-type and is able to grow on glutamate at 37 °C (Davila er a/., 1978). The
synthesis of tricarboxylic acid cycle intermediates in rive and the CO; released from sucrose
were measured 30 min after transfer of previously grown mycelia of the two strains from
glutamate to glutamine as the nitrogen source, where their growth rate was similar. The specific
radioactivity of 2-oxoglutarate, pyruvate, succinate and malate was higher in the wild-type than
in the GS* mutant strain when grown on glutamine (Table 3). In addition, the CO, released
from [U-1*Clsucrose was lower in the GS* mutuant, whose synthesis of glutamine is lower. This
effect was not due to a dilution of the label by glucose accumulation, since the total intracellular
glucose content was 3-6-fold higher in the wild-type than in the GS* mutant. The synthesis of
glutamate was similar in both strains (data not shown). We propose that when glutamine
synthesis is lower due to the partial block on GS activity in the GS* mutant strain, carbon
catabolism is impaired at the level of the synthesis of intermediates of the tricarboxylic acid
cycle, reflected in a diminution of CO,; released from sucrose (Table 3).

This proposal was further tested under conditions of maximal inhibition of GS activity. This
was achieved by adding MS to the GS* mutant, thus reducing the GS activity 150-fold as
compared to that in the wild-type strain. Since MS is an irreversible inhibitor of GS (Ronzio &
Meister, 1968). the GS activity was still inhibited 2 h after removal of the inhibitor (Table 4);
activity was regained after 4 h as a result of enzyme synthesis (data not shown). The results of
these experiments are shown in Fig. 1 and Tablc 4. In the presence of MS, no glutamine pool was
detected und the glutamate pool increased (Fig. 1). When this culture was shifted to glutamine, it

19



Glutamine synthesis and C metabolism in N. crassa 3321

Table 4. GS activity, synthesis of gl ine, gl and 2-o. / ate in vivo and CO,
release from glucu.re in the GS * strain
Alier 12 h growthon 5 (| te the was d und trunifcrred to 3 mMm-glutamine for2 h
{a) or 10 O-5 MS for 1 h foll d b, hi. and transfer 10 S mMm-glutamine for 2 h (8). All the

Yy
parameters shown were measured afier 2 h growth on glutamine, The experiment was repeated at least
three times; representative results are shown.

GS :pculu: Glutamine Glutsmate 2-Oaoglutarate from CO; from
activity from sucrusc®  from sucrusc® sucrose® [¢.p.m. glucoset [c.p.m.
Condition (U (ng protein)='] (c.p.m. pmol=’) (c.p.m. pmol™*) {mg protein)~1'] (mg protein)~*}
(o) Gin 0-0030 1225 5650 2124 4593
{6) MS-Gin 0-0004 163 3132 32s 1652

* The cultures received u pulse of [U-1+Clsucrose.
1 Different cultures reccived a pulse of [6-'*Clglucose.

had an initial lug phase that was followed by a slower growth despite its high glutamate content
and sizcable glutamine pool (Fig. 1) as compured to the non-inhibited culture. Although the
glutamine content was only 2-fold lower in the inhibited culture (Fig. 1) the glutamine synthesis
varied 7-5-fold. We measured the carbon catabolism of sucrose after the shift to glutamine. The
amount of CO, relecased from [6-'“Clglucose was lower when the GS was inhibited and a
correlation with a decrease in 2-oxoglutarate synthesis from sucrose was also apparent (Table 4).
‘This was supported by the lower glutamate synthesis observed when GS was inhibited (Table 4).

DISCUSSION

In this work we explored the relation between glutumine synthesis und carbon catabolism
from sucrose. By using mutant strains (GDH-, GS* and the double mutant GDH~;GS*) witha
reduced ability to assimilaste ammonium through glutamate, and glutumine and/or GS
inhibitors, nitrogen and carbon metabolism were both blocked.

When mycelium of the GDH- mutant was incubated von ammonium plus an inhibitor of GS,
sucrose catabolism decreased us shown by a lower synthesis of several tricarboxylic acid
cycle intermediates (Table 1). This effect was observed after a short period of time during which
growth was not affected. Since both glycine, which inhibits GS activity (Stadtman & Ginsburg,
1979; Herndndez ef al., 1986), and MS, which is a specific GS inhibitor (Ronzio & Meister,
1968), gave the same effect (Table 1) we propose that the diminution in carbon catabolism was
an effect specifically related to the inhibition of glutamine synthesis.

A relevant finding was that the inhibition of glutamine synthesis was sufficient to inhibit
growth even in the presence of glutamine. We observed that with the GDH~ ;GS* mutant on
glutamine plus a GS inhibitory amino acid, growth wus completely arrested and the intracellular
levels of 2-oxoglutarate and pyruvate were low {(Table 2). On glutamine plus leucine, not a GS
inhibitor, there was a minor effect on the content of tricarboxylic acid cycle intermediates
(Table 2). This can be explained by the lag phase that precedes growth under these conditions,
and may also explain the glutamine accumulation (Table 2). In addition, the presence of the
inhibitors was not essential since an impairment of sucrose catabolism was iulso observed ip
mycelia of a partial glutumine auxotroph (GS*) growing on glutamine as the sole nitrogen
source (Table 3).

The cffect of inhibiting glutamine synthesis was further enhanced when MS, an inhibitor of
GS activity, was added to the GS*® mutant in the presence of glutamine (Tuble 4, Fig. 1). Under
these conditions a higher inhibition of GS uctivity was observed, with a consequent decrease in
synthesis of glutamine, glutamate, and 2-oxoglutarate from sucrose and CO; release from [6-
13C]Jglucose (Fable 4). The outcome was a low growth rate in the presence of a sizeable
intracellular glutamine pool (Fig. ).

‘These data thus support our conclusion that growth inhibition is not due to a lack of glutamine,
content. We have reported (Hernindez er af., 1986) that when growth and GS were inhibited by
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glycine in the GS* mutant in the presence of glutamate, the synthesis of glutamine in vivo was
100-fold lower while the absolute glutamine content was only 2-fold lower as compared to the
culture growing on glutamate. -

The data presented in this work indicate that in N. crassa there is coordinated regulation of
carbon and nitrogen source utilization, i.e. when nitrogen assimilation was blocked through the
inhibition of glutamine synthesis, carbon catabolism from sucrose decreased. This may explain
the necessity for glutamine cycling (Calderdn eral., 1985; Calderon & Mora, 1985). The drain of
ATP through glutamine synthesis and the regulation of curbon mctabolism by cncrgy charge
could be considered as a point of interaction in the coordinated regulation of carbon and
nitrogen metabolism. An observation consistent with this proposition was that in N. crassa the
intracellular concentrations of ATP were raised when glutaminc synthesis was inhibited (G.
Hernandez and co-workers, unpublished). It has been reported (Wohlhueter e af., 1973) that
when ammonium is added to an ammonium-limited culture of Escherichia coli there is a burst of
glutamine synthesis which imposes a drastic drain on ATP; the accumulated glutamine
activates the enzymes for GS inactivation by adenylylation and thus the ATP pool is
replenished. These data suggest that the amount of ATP spent in glutumine synthesis may be
important to the cell. The contro! of glycolysis and respiration by cnergy charge is well
documented (Atkinson, 1977). We propose that whenever glutamine synthesis is blocked the
energy status of the cell improves with the consequent inhibition of carbon catabolism. This
coordinated regulatory mechanism could allow the cell to avoid the accumulation of carbon
skeletons when synthesis of the universal nitrogen donors is blocked.

We are grateful to Jorge Calderén, Rafacl Palacios and Lorenzo Segovia for critically reviewing the manuscript
and to Gisela Du Pont and Martha Albores for technical assistance. This work was supported in part by a grant
from Conscjo Nacional de Ciencia y Tecnologia (CONACYT) México.
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A glycine-resistant Newrospora crassa mutant (am-132;:gly’), derived from the arm-7132 mutant,
was isolated and characterized. [am-732 itself has a deletion in the structural gene for NADP-
dependent glutamate dehydrogenase (GDH).) This new mutation also conferred resistance to
serine and methionine sulphoximine (MS), which are inhibitors of glutamine synthetase (GS).
In addition, the mutant obtained grew better on ammonium than the am-732 parental strain.
Resistance to glycine was not duc to increased synthesis of glutamine by an altered or induced
GS, nor to increased glutamate synthesis by induction of the catabolic NAD-dependent GDH,
nor to NADH-dependent glutamate synthase (GOGAT), which was as sensitive to inhibitors as
the GOGAT from the parental strain. The glycine-resistance mutation lowered but did not
abolish the carbon flow: this resulted in a lower content of tricarboxylic acid cycle
intermediates. GOGAT activity was inhibited in vitro by several organic acids und methionine
sulphone (MSF). The higher growth rate of the glycine-resistunt mutant on ammonium or on
ammonium plus glycine, serine or MS was explained by an increased capacity of GOGAT to
synthesize glutamatc in vivo due to a lower content of inhibitory tricarboxylic acid cycle

intermediates; the higher glutamate content overcomes the effect of the GS inhibitors and
explains the MSF resistance of the mutant.

INTRODUCTION

The regulation of nitrogen metabolism in Neurospora crassa has been investigated previously
(Hummelt & Mora, 1980a, : Hernandez et al., 1983; Lara et al., 1982; Vichido eral., 1978). The
growth on ammonium of a N. crassa mutant that lacks NADP-dependent glutamate
dehydrogenase (GDH) (EC 1.4.1.4) is inhibited by the amino acids glycine and serine
(Fincham, 1950). This is duc to the inhibition of glutamine synthetase (GS) (EC 6.3.1.2) which
results in the diminution of the carbon flow (Hernidndez, er al,, 1986). When nitrogen
assimilation is blocked by inhibition of glutamine synthesis, carbon catabolism from sucrose
decreases (Hernandez & Mora, 1986). We proposed that the drain of ATP through glutamine
synthesis and the regulation of carbon metabolism by the energy charge could be considered asa
point of interaction in the coordinated regulation of carbon and nitrogen metabolism.

On this basis, we now report the isolation and characterization of a glycine-resistant (gl)*)
mutant strain of N. crassa, that has altered carbon and nitrogen flows.

METHODS
Sirain,. The Neurospora crassa wild-type strain 74A was from the Fungal Genetics Stock Center (Humboldt State
Unlversn.y Foundation, Arcata, Calif., USA). The mutant strain am-132a, which has a deletion in the NADP-

GDH str gene (Kinscy & Hung, 1981), was kindly provided by J. A. Kinsey, Department of
Mncmbno]ozy. University of Kansas Medical Center, Kansas 66103, USA.

Abbi : GDH, gl . dehy i GOGAT, glutamate synthase; GS, glutamine synthetase; MS,
methioni Iphoximine; MSF, hion: 1oh

0001-3453 © 1987 SGM



1668 Y. MORA, G. HERNANDEZ AND J. MORA

Growih conditions. Batch cultures of M. crassa were grown at 37 “C an Vogel's minimal medium (N) (Vogel, 1964)
containing -5%27 (w/v) sucrose, Other nitrogen sources used in addition to ammonium nitrate are stated in the text,
Growth was mcasured as total protein (determined by the Lowry method) us described previously (Lara ef al.,
1982; Vichido er uf.. 1978).

Atutagenesis und mutant selection. A conidial suspension of stesin am- 7320 was prepared and adjusted to 4 x 10
conidia ml-! in sterile water. A sumple of the suspension (5 ml) was placed in a Petridish and cxposcd todirect UV
radiation for 60 s. After the mutagenic treatment, 0-2 ml of the suspcnsiun were plated on N agar medium (Vogel.
196:4) 1 with gl and fructuse (0-05%. w/v, cach), 254 (w/v) sorbose and 25 mam-glycine. Plates
were incubalcd in the dark at 29 C untii colonies appeared (2 to 7 d), and then transferred to slants of N agar
medium supplemented with 1-527 (w/v) sucrose, and 25 mM-glycine. Crosscs were made in Corn meal agar
(34 g 1-') (Difco). Spot testing nnd progeny analysis were done as deseribed by Davis & De Serres (1970).

Determination of enzyme activities. This was done in cell-free extracts of N crusse prepared as described
previously (Lara er of.. 1982 Vichido er u/, 1978). GS activity was measured as described by Ferguson & Sims
(1974). NAD-dependent GDH (EC 1.3.1.2) was measured as described by Fincham (1957). NADH-linked
glutamate synthase (GOGAT) (EC 1.4 13) was mcasured by following NADH oxidation as described by
Hummelt & Mora (19802). Enzyme activities are cxpressed as units (mg protein)~'. One unit is the amount of
activity that transforms | umol substrute min~"'.

In the experiments where GOGAT activity was inhibited i vitro, the enzyme was purified as described by
Hummelt & Mora (1980 4), except that the DEAE column was equilibrated with ¢4 05 s-phosphate buffer. A 13-
fold purified preparation was obtained. The final concentration of the organic acids wus 10 mu and the solutions
were adjusted to pH 8-6 with 1 M-KOH,

Determination of amino acids. Samples for amino acid analysis were prepared by homogenizing cells with 80%;
{v/v) ethanol (Hummelt & Mora, 1980a). The amino acids were separated by using an Aminco amino acid
analyser, and after being coupled with orthophthaluldehyde (Sigmu) were quantified in an Aminco ratio
fluorimeter.

Determination of tricarbaxylic acid cycle intermediates. Mycclial o conidial samples were collected on membrane
filters (Millipore type HA, 0-45um) and washed with distilled water. Orgunic acids werc cxtracted by
resuspending the sumples in 0-6 M-HCIO, and neutralizing with 2.0 M-K PO, : they were then determined in the
clear supernatant after centrifugation. The extracts were stored at 4°C before the determinations were done.
2-Oxoglutarate was determined by measuring the initial rate of change in A, o using bovine GDH. A sample of the
extract was incubated at room temperiture with 30 mm-ammonium sulphate, 0-! mM-NADH and 0-01 mi 2-, 5'/
{v/v) bovine liver GDH {50 units (mg protein)~!] (Sigma no. G2626) in ! ml final Iume 100 P
phosphate buffer, pH 7-6.

The other tricarboxylic acid cycle intermediates were separated and quantified by HPLC [method of J.
Calderon (unpublished) .

Reproducibility of resulrs. The experiments reported were cach repeated at least once: representative results are
shown.

RESULTS
Genetic and phenotypic analysis

The am-132 mutant has a deletion in the NADP-dependent GDH structural gene (GDH~™)
(Kinsey & Hung, 1981) and is unable to grow on ammonium plus glycine (Fig. 1) or serine, like
other mutant strains which have a point mutation in the structural gene of this enzyme
(Fincham, 1950; Brett ¢1 al., 1976). The urm-/32 mutant was used as the parental strain for
mutant sclection. One of the am-732 glycine-resistant (g/3”) mutants isolated was crossed with
the wild-type strain 74A. One am-/32 ;g/y" mutant obtained from this cross was backcrossed
again with the wild-type strain and the progeny were analysed: 5379 were wild-type, 249, am-
132 and 199 am-132:gly7. These results indicated that the g/ mutation segregated as a
monogenic mutation. The work we report here was done with 1« GDH=™ armi-732 ;g3 double
mutant obtained from the latter cross.

Fig. | shows the growth of the am-/32 :g/y” mutant on ammonium plus glycine compared to
the am-132 single mutant, which is unable to grow on this nitrogen source (Fincham, 1950), and
the wild-type strain, which had a higher growth rate. Unexpectedly, the growth rate of the am-
132 ;gly" mutant on ammonium was higher than that of the GDH - strain (Fig. 1), butlower than
that of the wild-type strain. This same phenomenon was observed when the cultures were grown
at 25 °C (data not shown), when the growth rate on ammonium of the GDH~ mutant strain (an)
is considerably lower (Hummelt & Mora, 198058) than at 37 °C (Fig. 1). In addition, this new
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Fig. 1. Growthof thear-132 :gly” (@, O) and am-732 (A, ) mutants and the wild-type strain (IR, ()
of N.crassa on ammonium (@. A. H)or ammonium + 50 mm-glycine (O, A, [1). The cxperiment was
done four times; results from a representative experiment arc shown.

Fig. 2. Intracellular content of 2-oxoglutarate of the um-132:21)" (@, O) and am-132 (A, /) mutants
and the wild-type sirain (1, [) of M. crassa grown on ammonium (@, 4. ) or ammonium + SO mag-
Blycine (O, A, ). The experiment was done three times; representative results are shown.

Fig. 3. Inhibition in vito of growth of the am-/32:gly* and am-132 mutants by MSF. Conidia were
pregerminated for 10 h in minimal medium at 37 °C with agitation; MSF was then added 10 each
culturc. ®. M. A, W.am-132 :gly” mutunt; O. A, V. am-132mutant. @, O, Minimual medium without
MSF: A. A, 001 mM-MSF; i, 0-05 mM-MSF; ¥, ¥, 01 mM-MSF. The experiment was done twice;
representative results are shown.

mutation also conferred resistance to serine and to methionine sulphoximine (MS) (data not
shown), a specific GS inhibitor (Ronzio & Mecister, 1968).

Activities of ammonium-assimilation enzymes in the am-132 : gl murant

We reported previously the isolation of a glycine-sensitive mutant that maps in the structural
gene of GS and has an altered and inactive ff polypeptide in its GS (Hernandez er a/., 1986).
However, the am-132 ;gly” mutant has a wild-type GS as indicated by the A/, and isoelectric
point of its @ and f GS monomers (data not shown). As mentioned before. the g/3” mutation
segregated independently from the am-/32 mutation, which indicates that this new mutationdid
not map in the structural gene of GS since the am and gfn loci both map in the VR chromosome
and are closely linked (Sober, 1970).

GS activity was not considerably increased in the am-132 :g/y" mutant compared to the am-
132 strain, cither when grown on ammonium or on ammonium plus glycine (Table 1). High GS
activity was not responsible for growth on glycine as the am-732 mutant had higher GS activity
(Table 1) and was unable to grow on ammonium plus glycine (Fig. 1). The in vitro activity of the
GS from the am-132 :gly" mutant was inhibited by glycine in a similar manner to the GS from
the am-732 mutant (data not shown).
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Table 1. Enzyme activities in the am-132 and am-132 : gly™ murtants

Enzyme activitics (units) were determincd ufler 12 hi b

ion on the nitrogen sources indi d. The
experiment was done twice: representative results are shown. -
Strain Nitrogen source GSs* GOGAT NAD-dependent GDH
am-132 Ammonium 0-029 0-008 0-001
A i S0 glyci 0116 0-004 0-001
am-132;:gly" Ammonium 0-032 0-010 0-002
A jum + 50 glyci 0052 0-009 0001

* GS activity was delermined by the synthetase assay.

Table 2. Inhibition of GOGAT aciivity in vitre by MSF in the am-132 ;gly" and an:-132 musants
The experiment was repcated twice; representative results are shown.
Pcrcentlage inhibition

MSF concn (mMm) am-132 am-132:glh"

0-05 60 67
0-20 T4 80 .
0-40 100 100

The residual growth of the ami-732 mutant or other am mutants on ammonium is due to the
presence of GOGAT (Hummelt & Mora, 19804, b). 1t has also been shown that GOGAT does
not completely replace NADP-dependent GDH in cultures with an excess of ammonium as the
nitrogen source. (Hummelt & Mora, 1980a, b).

The GOGAT activity of the am-132;gly” mutant was similar to that of the @m-732 mutant
(Table 1). So, glycine-resistance cannot be explained by higher induction of GOGAT thus
compensating for GS inhibition by glycine, which depends on glutamate concentration
(Hemandez er al., 1986).

Methionine sulphone (MSF) is a very potent inhibitor of GOGAT from Saccharomyces
cerevisiae (Masters & Meister, 1982), We found that 0-4 mmM-MSF completely inhibited
GOGAT activity in a dialysed cell extract of the am-732 mutant grown on ammonium (Table 2)
GOGAT from the arn-132;gly" mutant was also inhibited in vitro by MSF (Table 2), which
suggests that the glycine-resistance mutation does not result in a structural alteration of
GOGAT.

A Saccharomyces cerevisiae mutant that lacks biosynthetic NADP-dependent GDH activity
was reported to regain its ability to grow optimally on ammonium when its catabolic NAD-
dependent GDH was induced to very high levels (Grenson er al,, 1974). This was not the case for
the N. crassa glycine-resistant mutant since the catabolic NAD»depc.ndenl GDH acuvnly was °
very low in the am-732:gly” mutant as well as in the am-732 strain (Table 1).

Metabolic analysis of the am-132 . gly” mutant

If the g/y” mutation could have an cffect on the utilization and/or flow of the carbon source,
this could result in increased glutamate synthesis. The GDH- mutant did not accumulate 2-
oxoglutarate when incubated with ammonium plus glycine (Fig. 2) and the 2-oxoglutarate pools
of the am-132 ;gly” double mutant grown on this nitrogen source were slightly but significantly
higher (Fig. 2). In the am-132 mutant the pyruvate and succinate contents were higher on
ammonium than on ammonium plus giycine as the nitrogen source (Table 3). In the am-132:gly"
double mutant the intracellular pools of pyruvate and succinate were similar in the two growth
conditions, and they were lower than in the am-132 single mutant (Table 3).

26




Carbon and nitrogen flow in Neurospora crassa 1671

Table 3. Metabolite contents of the am-132 and anm-132 ; gly* mutanis

bati n th

Metabolite contents (umol (mg protcin)~'] were determined after 12 h
sources indicated. The cxperiment was done twice; representative results are shown, ND, Nol detected.
Glycine Glutamate Glutamine Alanine

Strain Nitrogen source Pyruvate Succinate
am~-132 Ammonjum 0-377 1-338 0-036 0-092 0-235 0-154
Ammonium + 0-219 0-88) 2-570 ND 0-029 0-00}

50 mum-glycine
am-132:gly  Ammonium 0157 0-593 0-056 0-057 0-185 0-093
0134 0632 1-01s 0-005 0112 0-007

Ammonium +
50 mu-glycine

We conclude that the am-/32 mutant accumulated several tricarboxylic acid cycle
is by NADP-dchndcnl (}DH; in the

intermediates due to the blockage in glutamate synthe
presence of glycine this accumulation did not occur (Fig. 2; Table 3), which may indicate that
-

the carbon flow stops in the latter condition. In the am-/32.g/y" double mutant grown on
ammonium, there was a low content of tricarboxylic acid cycle intermediates (Fig. 2; Table 3),
which suggests a decrcase in carbon flow; when glycine was added the lower content of
tricarboxylic acid cycle intermediates (Fig. 2; Table 3) suggested that the carbon flow was only
slightly decreased as compared to the former condition. The contents of 2-oxoglutarate (Fig. 2),
and pyruvate and succinate (Table 3), in the am-732 ., g/y” double mutant were closely similar to
those of the wild-type strain (Fig. 2). The glycine-resistance mutation was not related to the
transport of glycine into the cell since glycine ws accumulated by the am-732 - g/y” mutant grown

on ammonium plus glycine (Table 3)

A correlation betwceen the content of tricarboxylic acid cycle intermediates and amino acids
was observed as expected. The am-/32 mutant contained no detectable glutamate and had a very
low alaninc and glutamate content on ammonium plus glycine (Table 3) where its growth was
abolished (Fig. 1), while the am-132;gly” double mutant had a detectable glutamate pool (Table
3) and its content of alanine and glutamine increased several-fold when grown thus.

From these data we conclude that the am-/32.:g/y” mutant synthesizes more glutamate,
alanine and glutamine, which is related to its higher capacity to grow on ammonium with or
without glycine, and perhaps to a reduced carbon flow.

Curiously, the amino ucid pools were higher in the arn-732 mutant than in the am-132;:gly"
double mutant when grown on ammonium alone (Table 3). However, the data shown in Table 3
represent the total metabolic pools accumulated after 12 h incubation on the media indicated,
and not the nitrogen and carbon flows of this mutant strain, a result which is discussed below.

Regulation of GOGAT activity by organic ucids

From the experimental data shown, it appears that due to the blockage in the an-732 mutant
the intracellular content of several tricarboxylic acid cycle intermediates increases, and this, in
turn, lowers the capacity of this mutant to synthesize glutamate. We tested if the latter effect
could be due to the inhibition of GOGAT by organic acids. We determined the percentage
inhibition of GOGAT activity in a partial purified ecnzyme preparation of the am-/32 mutant
grown on ammonium in the presence of different concentrations of several organic acids that are
tricarboxylic acid cycle intermediates, or the oxoacids of glycine or serine (Table 4). Glycine did
not inhibit N. crassa GOGAT activity in vitro (data not shown)

GOGAT from the am-132; gly” mutant was inhibited by organic acids in a similar manner to
the GOGAT from the am-732 mutant (data not shown). This supports our proposition that the
glycine-resistance mutation is not due to a structural mutation in GOGAT, which could give a
more resistant enzyme. Glycine resistance could rather be related to an increased capacity of
GOGAT to synthesize glutamate in vivo in the am-132 ; g/y" mutant duce to a lower concentration
of tricarboxylic acid cycle intermediates (Fig. 2; Table 3) that are inhibitors of GOGAT activity

(Table 4).
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Table 3. Metabolite contents of the am-132 and am-132 ;gly" mutants

Metabolite contents [hmol (mg protein)-'] were determined after 12 h i bati; i
sources indicated. The experiment was done twice; representative results are shown. ND. Nol detected.

Strain Nitrogen source Pyruvate Succinate Glycine Glutamate Glutamine Alanine
am-132 Ammonium 0-377 1-338 0-036 a-092 0-235 0154
Ammonium + 0-219 0-881 2-570 ND 0-029 0-001
50 mu-glycine
am-132:glh" Ammonium 0157 0-593 0-056 0-057 0-185 0-093
Ammonium + 0-134 0-632 1-015 0-005 o112 0-007

50 mu-glycine

We conclude that the am-/32 mutant accumulated scveral tricarboxylic acid cycle
intermediates due to the blockage in glutamate synthesis by NADP-dependent GDH ; in the
presence of glycine this accumulation did not occur (Fig. 2; Table 3), which may indicate that
the carbon flow stops in the latter condition. In the am-732:giy* double mutant grown on
ammonium, there was a low content of tricarboxylic acid cycle intermediates (Fig. 2; Table 3),
which suggests a decrease in carbon flow; when glycine was added the lower content of
tricarboxylic acid cycle intermediates (Fig. 2; Table 3) suggested that the carbon flow was only
slightly decreased as compared to the former condition. The contents of 2-oxoglutarate (Fig. 2),
and pyruvate and succinate (Table 3), in the am-132; giy® double mutant were closely similar to
those of the wild-type strain (Fig. 2). The glycine-resistance mutation was not related to the
transport of glycine into the cell since glycine ws accumulated by the am-132 :g/y" mutant grown
on ammonium plus glycine (Table 3).

A corrclation between the content of tricarboxylic acid cycle intermediates and amino acids
was observed as expected. The am-732 mutant contained no detectable glutamate and had a very
low alanine and glutamate content on ammonium plus glycine (Table 3) where its growth was
abolished (Fig. 1), while the am-732 ; gly” double mutant had a detectable glutamate pool (Table
3) and its content of alanine and glutamine increased several-fold when grown thus.

From these data we conclude that the am-132:gl/y” mutant synthesizes more glutamate,
alanine and glutamine, which is related to its higher capacity to grow on ammonium with or
without glycine, and perhaps to a reduced carbon flow.

Curiously, the amino acid pools were higher in the am-/32 mutant than in the am-732 ;gly”
double mutant when grown on ammonium alone (Table 3). However, the data shown in Table 3
represent the total metabolic pools accumulated after 12 h incubation on the media indicated,
and not the nitrogen and carbon flows of this mutant strain, a result which is discussed below.

Regulation of GOGAT activity by organic acids

From the experimental data shown, it appears that due to the blockage in the am-732 mutant
the intracellular content of several tricarboxylic acid cycle intermediates increases, and this, in
turn, lowers the capacity of this mutant to synthesize glutamate. We tested if the latter effect
could be due to the inhibition of GOGAT by organic acids. We determined the percentage
inhibition of GOGAT activity in a partial purified enzyme preparation of the am-/32 mutant
grown on ammeonium in the presence of different concentrations of several organic acids thatare
tricarboxylic acid cycle intermediates, or the oxoacids of glycine or serine (Table 4). Glycine did
not inhibit N, crassa GOGAT activity in vitro (data not shown).

GOGAT from the am-132 ;gly* mutant was inhibited by organic acids in a similar manner to
the GOGAT from the am-132 mutant (data not shown). This supports our proposition that the
glycine-resistance mutation is not due to a structural mutation in GOGAT, which could give a
more resistant enzyme. Glycine resistance could rather be related to an increased capacity of
GOGAT to synthesize glutamate in vivo in the am-132 : gly” mutant due to a lower concentration

of tricarboxylic acid cycle intermediates (Fig. 2; Table 3) that are inhibitors of GOGAT activity
(Table 4).
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‘Table 4. Inhibition of GOGAT activity by organic acids in the am-132 mutant

Myl:ehum was grown for 24 h on minimal medium; GOGAT waus partiaily purificd as described in
The

ion of vrgunic ucids was 10 ms; the pii was adjusticd to 8-6. The experiment
was done twice; representative results are shown.

Percentage inhibition

Organic acid 2-Oxoglutarate conen ... 0-05 mm O-1 mM
None 0 o
Succinate 25 19
Malate 67 40
Citrate 25 20
1socitrate 40 20
Fumarate 51 31
Pyruvate 25 19
Glyoxalate 40 19
A-Hydroxypyruvate 36 31

This postulated increcased capacity of GOGAT to synthesize glutamate in vivo in the am-
132 ;gly” mutant was investigated by determining its capacity to grow on ammonium plus MSF,
compared with the am-7/32 single mutant. Pregerminated conidia of the am-132; gly” mutant had
a higher growth rate on ammonium plus 0-1 mM-MSF than pregerminated conidia of the am-132
mutant under the same conditions (Fig. 3). A higher growth rate on ammonium plus MSF was
observed in the am-732 :g/y* mutant, which has lower concentration of tricarboxylic acid cycle
intermediates than the am-/32 mutant.

We thus conclude that in theam-732 ; g/y” mutant there is higher GOGAT activity invivo than
there is in the am-/32 mutant, due to the lower concentration in the double-mutant of organic
acids (Fig. 2: Table 3) that are GOGAT inhibitors (Table 4). As a result of this increased
capacity to synthesize glutamate (Table 3) the glycine-resistunt mutant is able to grow better
than the parental strain on ammeonium plus a GS inhibitor such as glycine (Fig. 1), serine or MS
and on ammonium plus the GOGAT inhibitor MSF (Table 2; Fig. 3).

DISCUSSION

Fincham (1950) reported that the amino acids glycine or serine completely inhibit growth of
am strains on ammonium. We have demonstrated that the effect of glycine and serine is due to
inhibition of GS activity (Hernandez er al., 1986). It proved possible to obtain a glycine-sensitive
strain from wild-type N. crassa by a mutation that inactivates the highly active 3 polypeptide of
GS (Hernandez et al., 1986).

When growth on glutamate of a4 partial glutamine auxotroph was inhibited by glycine, it was
reported that synthesis of glutamate in vivo decreased 100-fold, even though the content of
glutamine only decreased by hall; this suggested that the synthesis of glutamine rather than the
absolute content of this amino acid, played an important role in optimum cell growth
(Hemandez er al., 1986). As a result of GS inhibition by glycine, or MS, the carbon flow
decreases, and thus growth is prevented due to the double effect of lowering glutamine synthesis
and carbon flow (Hernandez & Mora, 1986).

In this paper we reported the isolation of a glycine-resistant mutant from the GDH™ strain
am-132 that has a deletion in the structural gene for NADP-dependent GDH (Kinsey & Hung,
1981). This mutation appecars to rcsult in diminished carbon flow that cannot be decreased
further by the presence of glycine; in the am-132:gly" double mutant this results in a lower
content of tricarboxylic acid cycle intermediuates (Fig. 2: Table 3). This is different from what
occurs in the GDH~- strain am-/32, where the carbon flow was almost abolished and GS was
totally inhibited in the presence of glycine, as shown by the decrease in glutamate, glutamine,
alanine, pyruvate, succinate (Table 3) and 2-oxoglutarate contents (Fig. 2). Although in the
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am-132 strain incubated with ammonium plus glycine, the 2-oxoglutarate content was more
drastically reduced (Fig. 2) as compared to the pyruvate and succinate contents (Table 3), even
these values represent reduced levels, since they were obtained after 12 h incubation in the
absence of growth.

GOGAT from N. crassa was inhibited in rvirro by different tricarboxylic acid cycle
intermediates and also by the oxoacids of glycine and serine (Table 4). It has been reported that
tricarboxylic acid cycle intecrmediates also regulate GOGAT from £. coli (Miller & Stadman,
1972). West et al. (1967) und Ashby eral. (1974) reported that N. crassa NADP-dependent GDH
is activated cooperiatively by severil non-substrate tricarboxylic acid cycle intermediates.

The principal function of GOGAT could be related to the interconversion of glutamine to
glutamate and to glutamate recycling (Calderon & Mora, 1985). This proposal is supported by
the fact that GOGAT cannot compiletely replace NADP-dependent GDH in a GDH- mutant
strain that has a decreased growth rate on ammonium (Fig. 1), where a low carbon flow and an
accumulation of carbon skelctons is observed (Fig. 2 Table 3).

Taking into account that some organic acids were effective inhibitors of GOGAT activity
(Tablc 4), a lower content of these tricarboxylic acid eycle intermediates in the um-732;gly”
mutant would allow a higher glutamate content (Table 3). This increased glutamate content
could overcome GS inhibition by glycine, which depends on glutamuaie concentration
(Hernandez er al., 1986). Another observation that supports the increcased capacity of GOGAT
to synthesize glutamate in vivo in the am-132 ; gly” mutants is that this strain had 4 higher growth
ratc on ammonium plus MSF, a GOGAT inhibitor, than the ar-732 mutant (Fig. 3).

The ability of the armn-132 ; gly mutant to grow in the presence of glycine, serine or MS added
individually to ammonium as the nitrogen source indicates that resistance is the result of a
common cffect of glycine, serine and MS. These three GS inhibitors had similar effects on
glutamine synthesis and on sucrose catabolism, us shown herec and by Hernandez & Mora (1986).

We proposc that in the am-/32 ;gfy” mutant an increased carbon flow compared to that of the
am-132 mutant clicits increased glutamate and glutamine synthesis that is responsible for an
increased growth rate on ammonium (Fig. 1). This proposal can also explain the capacity of the
am-132 :gly" mutant to grow in the presence of glycine, serine. MS or MSF,

By the same token, the slow growth of the am-/32 mutant on ammonium as the sole nitrogen
source (Fig. 1) is due to the accumulation of tricarboxylic acid cycle intermediates (Fig. 2; Table
3); this accumulation results in an inhibition of GOGAT that limits glutamine synthesis, which
then reduces the carbon flow (Table 3). This proposal is supported by the accumulation of
glutamate and other amino acids (Table 3), observed in the am-/32 mutant after 12 h slow
growth on ammonium (Fig. 1); we assumece that this limited growth is duc to a reduced carbon
flow. During the first hours of growth on ammonium, glutamate and glutamine pools were lower
in the am-132 mutant than in the am-/32;g/y” mutant (data not shown).

It can be speculated that a glycolytic enzyme less sensitive to ATP inhibition muy explain the
gly" phenotype.
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TABLA 1

Table 8 ;
ATP CONTENT O THIE :
GDI~ MUTANT STRAIN :

ATP ;

Nitrogen source (amaingp) :

Ammonium 0.62 . .
Ammonium —+ glycine 8.4
Anunonium -+ MS 11.33

Note: Cultures were grown for 12 hron glu- f
tamate as nitrogen source und truns-
ferred to the indicated medium {for 30
min.

.

Tomada de: Mora, J., Calderdn,.J., and Hernadndez, G.
Search, Assimilation and Turnover of
Nitrogen in some Fungi. In: "Nitrogen
Source Control of Microbial Processes'.
S. Sanchez-Esquivel (ed). CRC Press,
Inc. 1988. In press.
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