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Abstract. Kinetic parameters of glutamine synthetase (GS) and glutamate synthase (glutamirne-
oxoglutarate aminotransferase) (GOGAT) activities, including initial velocity, pH, and tempera-
ture optima, as well as K, values, were estimated in Schizosaccharomyces pombe crude cell-free
extracts. Five glutamine auxotrophic mutants of S. pombe were isolated following MNNG treat-
ment. These were designated ginl-7,2,3,4,5, and their growth could be repaired only by glutamine.
Mutants ginil-1,2,3,4,5 were found to lack GS activity, but retained wild-type levels of NADP-
glutamate dehydrogenase (GDH), NAD-GDH, and GOGAT. One further glutamine auxotrophic
mutant, ginl-6, was isolated and found to lack both GS and GOGAT but retained wild-type levels
of NADP-GDH and NAD-GDH activities. Fortuitously, this isolate was found to harbor an
unlinked second mutation (designated gog/-1), which resulted in compiete loss of GOGAT activity
but retained wild-type GS activity. The growth phenotype of mutant gogl-1 (in the absence of the
ginl-6 mutation) was found to be indistinguishable from the wild type on various nitrogen sources,
including ammonium as a sole nitrogen source. Double-mutant strains containing gogl-I and
gdhl-1 or gdh2-1 (mutations that result specifically in the abolition of NADP-GDH activity) result
in a complete lack of growth on ammonium as sole nitrogen source in contrast to gdh or gog mutants

alone.

The assimilation of inorganic ammonium, the pre-
ferred nitrogen source for most bacteria, algae, yeast,
and filamentous fungi, into glutamate (and gluta-
mine) is catalyzed by NADP-specific glutamate dehy-
drogenase (NADP-GDH: EC 1.4.1.4.) or by a coupled
glutamate synthase (GOGAT: EC 1.4.1.14 = gluta-
mine-oxoglutarate aminotransferase) and glutamine
synthetase (GS: EC 6.3.1.2.) reaction. The physiologi-
cal role of these two glutamate-forming pathways
varies substantially within the microbial world, but
has been studied best in prokaryotic cells [13]. In
enteric and nitrogen-fixing bacteria NADP-GDH re-
portedly is the major ammonium-assimilating path-
way at high intracellular ammonium concentrations,
whereas the GS/GOGAT system takes over when
ammonium availability is low [5, 28, 20]. In cyanobac-
teria GS/GOGAT has been suggested as the only
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route of ammonium assimilation [21]. The relative
importance of these pathways in fungi is not well
understood. The GS/GOGAT pathway has been
suggested to be unimportant in yeasts like Saccharo-
myces cerevisiae [4], Candida boidinii [10], and C. utilis
[30]. However, in C. albicans GS/GOGAT proved to
be a major ammonium assimilation pathway [13]. In
fungi like Aspergillus nidulans [17] and Neurospora
crassa [18] the major role in ammonium assimilation
is played by NADP-GDH with GS/GOGAT utilized
at low ammonium concentrations.

The purpose of our current work is to character-
ize the GS/GOGAT catalytic system in the fission
yeast Schizosaccharomyces pombe, an organism ame-
nable to biochemical, genetic, and molecular studies
[15, 16]. Previous preliminary studies using chemostat
cultures showed that NADP-GDH, GS, and GOGAT
are present in S. pombe and that GS/GOGAT are
plausibly responsible for assimilation of lower concen-
trations of intracellular ammonium [6, 14, 26]. This is
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Fig. 1. Velocity of GS activity. @, reaction mixture without added
GH; A, 12 pmoles of GH per mg protein added to the reaction
mixture at time 0.

turther supported by certain novel biochemical, physi-
ological, and genetic factors associated with the
GS/GOGAT assimilatory pathway in S. pombe pre-
sented in the present report.

Materials and Methods

Strains and media. Schizosaccharomyces pombe wild-type strains
975 h* and 972 h~ [16] were used throughout this work. Cells were
grown in complete (YE) or minimal media (MM) [11]. Glucose
(3% wt/vol) and (NH,4),SO4 (5 mM, or as otherwise specified in the
text) were used as the carbon and nitrogen sources respectively. All
other nitrogen sources were used at a concentration of 10 mm.
Cells were grown in 200-ml cultures with 0.5-L conical flasks and
agitated in a shaking (180 r.p.m.) orbital incubator at 30°C. Starting
cultures contained 10° cells ml~! at a pH value 4.5. Under these
conditions, the generation time was 220 = 10 min. Cells from
mid-exponential phase (ODsg = 0.5, 1.5 x 107 cells ml~!, pH
value of culture 2.8) were harvested by centrifugation (3 min, 2300
g). To achieve nitrogen starvation conditions, cells were harvested
as before, washed twice with fresh minimal medium lacking a
nitrogen source, resuspended in this medium, and agitated as
above for the desired time period. A specific nitrogen source was
added in this medium when required, as specified in the text.

Preparation of cell-free extracts. Mid-exponentially growing cells
were chilled in ice, harvested as before at 4°C, washed once with
distilled H,O, and cell pellets were extracted immediately as
previously described [24].

Enzyme assays. NADP-GDH, NAD-GDH, and GOGAT activities
were assayed essentially as described by Doherty [8] and Meers et
al. [22], modified as previously described [24]. The specific activi-
ties of NADP-GDH, NAD-GDH, and GOGAT activities were
estimated according to the function a * min~! - mg(protein)~1 -
v.(6.22)71, where a = dOD and v = 3 ml (total reaction volume) [2,
3]. GS activity was measured by following glutamyltransferase
activity essentially as described by Woolfolk and associates [29],
modified as described previously [24]. Specific activity was esti-
mated as pmole L-glutamic acid-y-monohydroxamate min~! mg-
(protein)~1. Protein estimations of cell-free extracts were per-
formed routinely with the Lowry test {19]. All values were the mean
of at least eight independent experiments with each cell-free
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Table 1. Kinetic parameters of S. pombe GS and GOGAT
activities

Kinetic

parameter GS? GOGAT*
Specific activity 0.50 = 0.06 0.050 = 0.004
Temperature optimum 40°C 40°C

pH optimum 5.80 and 6.35 6.35

K, (mM Gln) 100 0.5

K,,, (mM NH,OH.HCI) 4.0 NA?

K,,, (mM o-kg) NA 0.07

4 Cells were grown on MM with 5 mM (NH4),SO; as sole N source.
5 NA, not applicable.

extract assayed in triplicate. Standard errors were calculated by
common numerical analysis software with a confidence coefficient
of 99%.

Isolation of mutants. S. pombe cells were mutagenized by N-methyl-
N’-nitro-N-nitrosoguanidine (MNNG) treatment as described pre-
viously [24]. Minimal medium containing ammonium and 10 mMm
glutamine as the sole nitrogen sources was inoculated with a
mutagenized cell suspension. The volume of this suspension was
adjusted to give around 200-300 single cell colonies per plate.
After 4 days’ incubation, colonies were velvet replicated onto
minimal medium agar (MMA) containing ammonium as the sole
nitrogen source. Mutant isolates were purified by single cell colony
isolation and used for further genetic and biochemical analysis.

Determination of generation times. Determination of generation
times was carried out in liquid medium with sole nitrogen sources
as stated in the Results by following changes in optical densities at
540 nm. For this purpose, 200-ml liquid batch cultures of wild-type
and mutant strains were sampled (3 ml) every 60 min for a total
period of 20 h.

Genetic analysis. Genetic crosses were performed according to
Gutz and colleagues [11] and Kohli and coworkers [16]. Recombi-
nation frequencies were determined by free spore analysis [11, 16].

Results

GS activity. GS was measured following its y-glutamyl-
transferase activity. Van Andel and Brown [26] have
shown that the ratio of synthetase and transferase
activities of glutamine synthetase was constant under
a variety of different conditions. The GS specific
activity was determined as 0.50 = 0.06 pmole GH
min~! - mg~! (Fig. 1, Table 1), and it was found to be
specific for glutamine over a number of other amino
acids tested (asparagine, glutamate, aspartate, pro-
line, leucine, arginine, lysine, and alanine). The
velocity of the activity demonstrated a hysteric phe-
nomenon with two linear curves (0—17 min and 23-90
min, Fig. 1). Specific activity was estimated after 15
min during the period of the first linear phase. This
activity had a linear response in respect to total
protein concentration within a range of 0.1-0.8 mg
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Fig. 2. The influence of glutamine (panel @) and hydroxylamine
(panel b) concentration on GS activity.

and a temperature optimum at 40°C. Two pH optima
were found at 5.8 and 6.35 (Table 1). These data may
reflect possible different glutamine synthetase forms
in S. pombe, as has been found in prokaryotes [7] and
other lower eukaryotes [25]. GS activity followed
Michacelis-Menten kinetics for both substrates tested
(NH,OH - HCI and glutamine) with K,,, values 4 mm
and 100 mM respectively (Fig. 2a,b; Table 1).

S. pombe cells did not show any significant differ-
ences in GS levels grown on various N sources such as
adenine, allantoin, asparagine, aspartate, glutamate,
glutamine, urea, uridine, various concentration of
ammonium (1-100 mm) or under nitrogen starvation.
In contrast, cells grown on histidine or cytosine as
sole nitrogen source had very low levels of GS activity
(Fig. 3). The presence of the protein synthesis inhibi-
tor cycloheximide at the time of transfer in fresh
media containing histidine or cytosine as sole nitro-
gen source prevented the loss of GS activity (Fig. 3).

GOGAT activity. GOGAT activity was specific for
NADH, o-ketoglutarate (oxoglutarate) (o-kg) and
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Fig. 3. The effect of cycloheximide on GS activity in the presence of
histidine and cytosine. @, His; O, His + cycloheximide (Cyh); B,
cytosine; [, cytosine + Cyh.

glutamine. No NADP-linked GOGAT activity was
observed. Temperature and pH optima were found to
be 40°C and 6.35 respectively (Table 1). GOGAT
activity followed Michaelis-Menten kinetics, which
showed high affinity for both its substrates (Fig. 4a,b;
Table 1), Growth of cells on a number of N sources as
listed above, as well as transfer experiments to N
starvation condition, were found to have insignificant
effect on GOGAT activity levels. Here again, cells
grown on histidine or cytosine as sole nitrogen sources
had very low levels of GOGAT activity (about 50% of
the initial), and this loss of activity was prevented by
the presence of cycloheximide (for clarity, not shown
on Fig. 3). Out of all the above N sources tested, only
allantoin was found to have an inhibitory effect on
GOGAT activity in vitro. Presence of 10 mM allantoin
in the reaction mixture caused more than 25%
reduction of the activity. This result possibly explains
the inability of NADP-GDH-deficient mutants to
grow on MM + allantoin, as described in a recent
report [24].

Isolation of glutamine auxotrophs. Colonies from
mutagenized cells, growing on MM containing ammo-
nium and glutamine, were velvet replicated on solid
MM containing 10 mM ammonium as sole nitrogen
source. After screening 10 individual colonies, six
were identified that were unable to grow on the
screening plates. The growth of these mutants was
not repaired by the addition of alanine, arginine,
asparagine, aspartate, glutamate, leucine, proline, or
ornithine.

The six glutamine auxotrophic isolates were
crossed pairwise with each other. A very large num-
ber of progeny were analyzed in each cross, and a
recombination frequency by free-spore analysis was
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Fig. 4. The influence of glutamine (panel A) and a-ketoglutarate
(panel B) concentration on GOGAT activity.

estimated as 0.2-4 x 10=* (Table 2). The reversion
frequency for each mutant isolate was lower than
10-°. These results indicate that all mutant isolates
most likely map in a single genetic locus at sites
allowing intragenic recombination.

Five of the mutants designated as ginl-1,2,3,4,5
were found to lack GS activity but retained wild-type
levels of NADP-GDH, NAD-GDH, and GOGAT
activities. Specifically, NADP-GDH and GOGAT
activities in wild-type and mutant cells grown on MM
plus 5 mM (NH4)SO, plus 10 mMm glutamine were
1.05 = 0.10 wmole NADPH min~! mg~! and 0.050 +
0.004 pmole NADH min—! mg~! respectively. For
assaying NAD-GDH activity, glutamate was added in
the MM as an inducer (A. Perysinakis, unpublished
results) and found to be 0.42 pmole NADH min~!
mg~! in both wild-type and mutant strains. The sixth
glutamine auxotroph (glnl-6) was found to lack GO-
GAT as well as GS activity. This isolate was further
examined, and the results are given below.
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Table 2. Recombination frequencies between gln mutants
estimated by free spore analysis

Phenotype of
Progeny progeny” Recombination

Genetic cross analyzed growth frequency?*
h*glnl-1 x h=ginl-2 2.0 x 107 396 0.4 x 10~
htglnl-1 x hginl-5 0.9 x 107 1652 40 x 10*
h*glnl-2 x h~gln1-5 1.2 x 107 613 1.0 x 1074
h*ginl-3 x hginl-5 0.7 x 107 353 1.0 x 10*
h*glnl-6 x h=ginl-2 0.4 x 107 48 0.2 x 10~*
htglnl-6 x h~ginl-5 0.7 x 107 60 0.2 x 10~*
h*ginl-6 x h=972 7 tetrads 14 0.5

2 Random analysis of ascospores grown on MM plus ammonium
plus glutamine and screened on MM with ammonium. Ten
segregants of wild-type phenotype from the cross h* ginl-6 x
h=972 were assayed, and three of them were found to lack
GOGAT activity.

b Reversion frequency of glnl-1, glnl-2, gln-3, ginl-4, gini-5, and
glnl-6 was < 1079,

¢ Recombination frequencies were obtained by doubling the num-
ber of progeny with a wild-type phenotype.

Identification of a GOGAT defective mutant. The
glnl-6 mutant strain, which was shown to be impaired
in GOGAT as well as GS activities, was out-crossed
to the wild-type strain. Both free spore analysis and
tetrad analysis revealed progeny that lacked GOGAT
activity while retaining GS activity. GOGAT-defi-
cient segregants, in the absence of the glnl-6 muta-
tion, grew as wild type on ammonium as a sole
nitrogen source under both solid and liquid cultures.
This mutation, resulting in the lack of GOGAT
activity, was designated gogl-1.

Characteristics of GOGAT and NADP-GDH double-
mutant strains. The gogl-I mutant was crossed to
NADP-GDH-defective representative mutants at the
gdhl and gdh2 loci (namely gdh1-1 and gdh2-1 respec-
tively). It is pertinent to point out here that the single
mutant gdhl-1 and gdh2-1 strains grow as wild type on
solid medium and at a slower rate on liquid medium
with ammonium as sole nitrogen source (Table 3)
[24]. The double mutants gogl-1, gdhl-1 and gogl-1,
gdh2-1 failed to grow under these conditions (Table
3).

Discussion

We describe here certain parameters and genetic
factors associated with GS and GOGAT activity in
the fission yeast S. pombe. Previous work with chemo-
stat cultures suggested that NADP-GDH is the impor-
tant route of ammonium assimilation in cells growing
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Table 3. Growth characteristics of GOGAT and NADP-GDH
double mutants

Generation time (min)

Lo . Growth on
(liquid medium) (solid medium)
Mutant MM MM + Glu MM
Wild-type 220 220 +4
gdhl-1 390 220 +
gdh2-1 400 220 +
gogl-1 220 220 +
gogl-1, gdhl-1 NA? 220 -
gogl-1, gdh2-1 NA 220 -

7 +, growth; —, no growth. Generation time is given in min. The
standard error calculated from four replicas was less than 5%.
b NA, not applicable.

in ammonium excess, with GS/GOGAT the route
under ammonium-limiting conditions [6, 14, 26]. The
results of these reports in batch cultures suggest that
the GS/GOGAT activities remain constant in cells
grown on various concentrations of ammonium or
various other nitrogen sources as sole N sources,
including ammonium-limiting conditions (0.5 mM ini-
tial concentration of ammonium as sole N source).
Therefore, there is some disagreement with the above
earlier findings. The results presented here showed
that histidine and cytosine markedly reduced GS and
GOGAT activity. The effect of histidine could be
indirectly connected with a transcription activation
system, similar to the one described for the activation
of the transcription of the E. coli glutamine synthe-
tase [9, 23, 27]. In the later organism a histidine
kinase and the intracellular level of acetyl phosphate
regulate GS transcription. Alternatively, the effect of
histidine could resemble the effect of glycine and
serine on the GS of N. crassa [12]. In a previous
communication we have reported that histidine in-
creased NADP-GDH activity in S. pombe when histi-
dine was used as the sole nitrogen source [24]. There
are no other reports to our knowledge regarding the
effect of histidine, and this phenomenon would re-
quire further investigation for clarification.

Our genetic studies revealed one genetic locus,
ginl, within which mutations result in the complete
loss of GS activity. This locus could be the one
reported by others [1]. Previously isolated mutants
have not been made available to us to check allelism.
Significantly, a new locus was identified, within which
mutations result in abolition of GOGAT activity. This
locus, designated gogl, revealed that GOGAT must
be able to provide glutamate at high ammonium
concentrations, in the absence of NADP-GDH, suffi-

3N

ciently for a gdh-defective strain to grow on ammo-
nium like the wild type. Since the double mutants
between gogl-1 and NADP-GDH defective strains
fail to grow on ammonium, unlike the single mutants,
it is suggested that (1) both systems are normally
operational in S. pombe, (2) no other major ammo-
nium assimilation step is present.

Literature Cited

1.

10.

11.

12.

13.

14.

15.

16.

Barel I, Bignell G, Simpson A, MacDonald D (1988) Isolation
of a DNA fragment which complements glutamine synthetase
deficient strains of S. pombe. Curr Genet 13:487-494

. Beaucamp K, Bergmeyer HU, Beutler OH (1974) Coenzymes,

metabolites, and other biochemical reagents. In: HU Berg-
meyer (ed) Methods of enzymatic analysis, vol. 1. New York:
Academic Press, pp 523-556

. Bergmeyer HU, Bernt E, Grassl M, Michal G (1974) Evalua-

tion of experimental results. In: HU Bergmeyer (ed) Methods
of enzymatic analysis, vol. 1. New York: Academic Press, pp
308-317

. Bogonez E, Satrustegui J, Machado A (1985) Regulation by

ammonium of glhitamate dehydrogenase (NADP™) from Sac-
charomyces cerevisiae. ] Gen Microbiol 131:1425-1432

. Brenchley JE, Magasanik B (1974) Mutants of Klebsiella

aerogenes lacking glutamate dehydrogenase. J Bacteriol 117:
544-550

. Brown CM, Burn VL, Johnson B (1973) Presence of glutamate

synthase in fission yeasts and its possible role in ammonia
assimilation. Nature New Biol 246:115-116

. Bueno R, Pahel G, Magasanik B (1985) Role of glnB and ginD

gene products in regulation of the ginALG operon of Esch-
erichia coli. ] Bacteriol 164:816-822

. Doherty D (1970) L-Glutamate dehydrogenases (yeast). Meth-

ods Enzymol 17A:850-856

. Feng J, Atkinson MR, McCleary W, Stock JB, Wanner BL,

Ninfa AJ (1992) Role of phosphorylated metabolic intermedi-
ates in the regulation of glutamine synthetase synthesis in
Escherichia coli, J Bacteriol 174:6061-6070

Green J, Large PJ (1984) Regulation of the key enzymes of
methylated amine metabolism in Candida boidinii. J Gen
Microbiol 130:1947-1959

Gutz H, Heslot H, Leupold U, Loprieno N (1977) Schizosaccha-
romyces pombe. In: RC King (ed) Handbook of genetics, vol. I.
New York: Plenum Press, pp 395-446

Hernandez G, Mora J (1986) Glutamine synthesis regulates
sucrose catabolism in Neurospora crassa. J Gen Microbiol
132:3315-3323

Holmes AR, Collings A, Farnden KJF, Shepherd MG (1989)
Ammonium assimilation by Candida albicans and other yeasts:
evidence for activity of glutamate synthase. J Gen Microbiol
135:1423-1430

Johnson B, Brown CM (1974) The enzymes of ammonia
assimilation in Schizosaccharomyces spp. J Gen Microbiol
85:169-172

Kohli J (1987) Genetic nomenclature and gene list of the
fission yeast Schizosaccharomyces pombe. Curr Genet 11:575-
589

Kobli J, Hottinger H, Munz P, Strauss A, Thuriaux P (1977)
Genetic marring in Schizosaccharomyces pombe by mitotic and



372

17.

18.

19.

20.

21.

22

23.

meiotic analysis and induced haploidization. Genetics 87:471-
489

Kusnan MB, Berger MG, Fock HP (1987) The involvement of
glutamine synthetase/glutamate synthase in ammonia assimila-
tion by Aspergillus nidulans. J Gen Microbiol 133:1235-1242
Lomnitz A, Calderon J, Hernandez G, Mora J (1987) Func-
tional analysis of ammonium assimilation enzymes in Neuros-
pora crassa. J Gen Microbiol 133:2333-2340

Lowry OH, Rosebrough NJ, Farr AL, Randal RJ (1951)
Protein measurement with the folin phenol reagent. J Biol
Chem 193:265-275

Mandal AK, Ghosh S (1993) Isolation of a glutamate synthase
(GOGAT)-negative, pleiotropically N utilization-defective mu-
tant of Azospirillum brasilense: cloning and partial characteriza-
tion of GOGAT structural gene. J Bacteriol 175:8024-8029
Meeks JC, Wolk CP, Lockau W, Schilling N, Shaffer PW,
Chien WS (1978) Pathways of assimilation of [*N] N; and
13NH,* by cyanobacteria with and without heterocysts. J
Bacteriol 134:125-130

Meers JL, Tempest DW, Brown CM (1970) “Glutamin-
e(amide): 2-oxoglutarate amino transferase oxido-reductase
(NADP),” an enzyme involved in the synthesis of glutamate by
some bacteria. J Gen Microbiol 64:187-194

Ninfa AJ, Bennett RL (1991) Identification of the site of
autophosphorylation of the bacterial protein kinase/phospha-
tase NRjj. J Biol Chem 266:6888-6893

24.

25.

26.

27.

28.

29.

CURRENT MICROBIOLOGY Vol. 30 (1995)

Perysinakis A, Kinghorn JR, Drainas C (1994) Biochemical
and genetical studies of NADP-specific glutamate dehydroge-
nase in the fission yeast Schizosaccharomyces pombe. Curr
Genet 26:315-320

Sanchez F, Calva E, Campomanes M, Blanco L, Guzman J,
Saborio JL, Palacios R (1980) Heterogeneity of glutamine
synthetase polypeptides in Neurospora crassa. J Biol Chem
255:2231-2234

Van Andel JG, Brown CM (1977) Ammonia assimilation in the
fission yeast Schizosaccharomyces pombe 972. Arch Microbiol
111:265-270

Weiss V, Magasanik B (1988) Phosphorylation of nitrogen
regulator I (NRy) of Escherichia coli. Proc Natl Acad Sci USA
85:8919-8923

Westby CA, Enderlin CS, Steinberg NA, Joseph CM, Meeks
JC (1987) Assimilation of NH,* by Azospirillum brasilense
grown under nitrogen limitation and excess. J Bacteriol 169:
4211-4214

Woolfolk CA, Shapiro B, Stadtman ER (1966) Regulation of
glutamine synthetase. I. Purification and properties of gluta-
mine synthetase from Escherichia coli. Arch Biochem Biophys
116:177-192

. Zwart KB, Harder W (1983) Regulation of the metabolism of

some alkylated amines in the yeasts Candida utilis and Han-
senula polymorpha. J Gen Microbiol 129:3157-3169



