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The moderately halophilic, halotolerant bacterium Ba I can utilize either nitrate or ammonium as a nitrogen 
source, but cannot use nitrate as an electron acceptor for anaerobic respiration. When both nitrate and 
ammonium are present in the growth medium, nitrate is taken up only after all the ammonium has been 
exhausted. Nitrate reductase of this bacterium is associated with the respiratory electron transport chain on 
the cytoplasmic membrane, and is able to accept electrons from NADH,  succinate and malate, but not from 
NADPH.  Chlorate is a competitive inhibitor of the enzyme which is also inhibited by antimycin A, cyanide, 
azide and p-chloromercuribenzoate. Cellular activities of the enzyme are not affected by the type of nitrogen 
source used by the cells. Nitrite reductase is a soluble enzyme, its preferred physiological substrate is 
ferredoxin, and its synthesis is repressed by ammonium and induced by nitrate. Glutamine synthetase is 
repressed by ammonium, whereas glutamate dehydrogenase is induced by it; activity levels of glutamate 
synthase are not affected by the nitrogen source in the growth medium. Glutamine synthetase activity is 
inhibited by amino acids and by magnesium ions. The ratio of activity + M g 2 + / -  Mg 2+ is 0.074 for 
nitrate-grown cells, and 0.42 for cells grown with ammonium alone or plus nitrate. 

Introduction 

When nitrate is used as a nitrogen source, it is 
first reduced to ammonia in two enzymatic steps: 
nitrate reductase reduces it to nitrite, which is 
further reduced to ammonia by nitrite reductase. 
This nitrate assimilatory pathway has been dem- 
onstrated in a wide range of organisms, including 
bacteria, fungi, algae and higher plants [1,2]. In 
several aerobic bacteria nitrate can also serve as 
terminal electron acceptor, in an anaerobic respi- 
ration [3]. In this dissimilatory pathway, nitrate is 
also first reduced to nitrite by the enzyme nitrate 
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reductase. Nitrite is frequently the end product of 
this process, but it may also be reduced to nitric 
oxide, nitrous oxide or molecular nitrogen [3,4], 
and in some cases to ammonia [5,6]. It is generally 
accepted that the dissimilatory nitrate reductase is 
associated with the respiratory electron transport 
chain on the cytoplasmic membrane, while the 
assimilatory enzymes were shown to be either 
particulate or soluble. 

Bacterial regulation of assimilatory nitrate re- 
duction appears to be similar to that of the 
eukaryotic system. Ammonia was shown to cause 
its repression, either partial or complete, and 
sometimes nitrate was required for the induction 
of the system [7-10]. More is known about the 
regulation of the dissimilatory nitrate reductase, 
which was shown to be an inducible enzyme [4], 
whose synthesis and function occur in cells in- 
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cubated anaerobically or at low oxygen tension. 
Neither synthesis nor function of the dissimilatory 
system is affected by nitrogenous compounds, and 
oxygen has no effect on the assimilatory enzymes. 

Ammonia, whether generated intracellularly 
from nitrate, or taken up from the medium, is 
incorporated into a carbon skeleton in one of two 
pathways [11]. It can be assimilated either by the 
enzyme glutamate dehydrogenase, or by the com- 
bined action of glutamine synthetase and gluta- 
mate synthase. These two pathways were demon- 
strated in various bacterial genera (e.g., Refs. 
12-16). Ammonia assimilation in bacteria has been 
studied more intensively than nitrate reduction. 
When ammonia is available in excess it is usually 
assimilated by glutamate dehydrogenase [11], while 
glutamine synthetase and glutamate synthase are 
operative usually when the intracellular concentra- 
tion of ammonia is relatively low. The cellular 
activity of glutamine synthetase was shown to be 
regulated at four different levels: repression/ 
derepression of its synthesis, 'modulation of its 
activity by divalent cations and by other effectors, 
and covalent modification by adenylylation/ 
deadenylylation [17]. The adenylylation/deaden- 
ylylation control of the enzyme seems to be a 
general phenomenon of Gram-negative bacteria 
[17,18], but it was demonstrated also in Gram- 
positive bacteria [19]. 

There are only scant reports in the literature on 
the characterization of bacterial assimilatory 
nitrate reductase (e.g., Refs. 20-22), and there are 
no published data about nitrate and ammonia 
assimilation of bacteria capable of growing in high 
salt concentrations. We have studied the inorganic 
nitrogen metabolism of a halotolerant, moderately 
halophilic bacterium, Ba 1. This is a Gram-negative 
rod, which was isolated from crude salt samples 
collected at the Dead Sea evaporation ponds [23]. 
It is not fully characterized yet, but several aspects 
of its metabolism and enzymatic activities have 
been investigated (e.g., Refs. 23-28). We describe 
in this study the enzymatic activities involved in 
nitrate assimilation in this bacterium: its reduc- 
tion to ammonia via nitrate reductase and nitrite 
reductase, and the ammonia-assimilation enzymes. 
We show that the nitrate reductase which func- 
tions in the assimilatory pathway resembles in 
some aspects the dissimilatory enzyme: it is asso- 
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ciated with the respiratory electron transport chain 
on the cytoplasmic membrane, uses NADH as an 
electron donor, and is inhibited by chlorate. Fur- 
thermore, the synthesis of the enzyme is not af- 
fected by nitrate or ammonium. The ammonium- 
assimilating system is similar to that of other 
bacteria, and includes the enzymes glutamate de- 
hydrogenase, glutamine synthetase, and glutamate 
synthase. 

Materials and Methods 

Methods 
Ba 1 was the gift of Professor Y. Avidor, De- 

partment of Biology, Technion, Israel. The cells 
were grown on a minimal medium, containing 
(g/l): Na2SO 4, 2.0; K2HPO4, 3.0; KH2PO 4, 1.0; 
NaC1, 87.5 (1.5 M); KC1, 37.2 (0.5 M); MgC12, 3 
(0.05 M); glucose, 3.09; Na2MoO4, 10-3; CaC12, 
10-4; and KNO 3, 0.53 (10 mM) or NH4C1, 1.0 (10 
mM), or both, as indicated, as nitrogen source. 
Bacteria were grown at 37°C in 400 ml batch 
cultures, in 2 liter Erlenmeyer flasks on a rotary 
shaker at 300 rpm. Growth was followed by moni- 
toring the absorbance at 660 nm in a Uvicon 810 
spectrophotometer. Cells were harvested, at the 
end of the logarithmic phase, by centrifugation in 
the cold at 10000 x g for 15 min. The supernatant 
was decanted and used for measurement of NO 3 
and NH~- in the experiments on substrate utiliza- 
tion. 

For enzymatic assays, the cells were resus- 
pended in 20 mM K2HPO 4, pH 7.5, containing 
deoxyribonuclease and ruptured by ultrasonic 
treatment (8 × 15 s) at 4°C. The homogenate was 
centrifuged at 12000 x g for 15 min to remove cell 
debris and unbroken cells. The supernatant was 
centrifuged again at 144000 × g for 60 min, and 
the supernatant from this second centrifugation 
was designated SuplI. The pellet, referred to as 
membrane preparation, was washed twice with 20 
mM phosphate buffer, pH 7.5, and resuspended 
by homogenization in the same buffer, to a final 
protein concentration of 25 mg/ml. The mem- 
brane preparation could be stored at -20  °C for 
several weeks without significant loss of activity: 

Nitrate reductase activity was measured by fol- 
lowing the rate of nitrite formation according to 
Lorimer et al. [29], in a reaction mixture contain- 
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ing 30 mM K2HPO 4, pH 7.5, 10 mM KNO s, 0.5 
mM NADH and enzyme preparation containing 
1-2  mg protein, in a total volume of 1 ml. The 
assay was run for 10 rain at 30 o C. Aliquots were 
taken at different times from the reaction mixture 
for NO 2- determination to ensure that the rate was 
constant. Nitrite reductase activity was de- 
termined by following the disappearance of nitrite 
using dithionite-reduced methyl viologen, as elec- 
tron donor, according to the method of Losada 
and Paneque [30]. Glutamine synthetase was as- 
sayed by the y-glutamyltransferase method in 
whole ceils pretreated with cetyltrimethylam- 
monium bromide according to Bender et al. [31]. 
Glutamate synthase was assayed spectrophoto- 
metrically at 30 °C  by following the rate of oxida- 
tion of N A D H  or N A D P H  at 340 nm in a reac- 
tion mixture containing 50 mM Tris-HC1, pH 7.6, 
5 mM 2-oxoglutarate, 5 mM glutamine, and 0.2 
mM NADH or NADPH.  Glutamate dehydro- 
genase activity was measured at 30 o C by monitor- 
ing the rate of reduction of NAD ÷ or NADP + at 
340 nm in a reaction mixture containing 100 mM 
Tris-HC1, pH 7.6, 20 mM glutamate, and 0.2 mM 
NAD ÷ or NADP+. 

Nitrite was determined by the diazo coupling 
method according to Nicholas and Nason [32]. 
Nitrate was estimated by its reduction to nitrite 
on a cadmium-copper column according to Strick- 
land and Parson [33]. Ammonia was assayed after 
microdiffusion [34] by the phenol-hypochlorite 
method according to Chaykin [35]. For  protein 
determination the membrane preparation was 
boiled for 20 min in 1 M NaOH and centrifuged. 
Protein was determined in this supernatant and in 

SuplI according to Lowry et al. [36], with bovine 
serum albumin as standard. 

Materials 
NADH, NADPH,  NAD ÷, NADP ÷, methyl 

viologen, benzyl viologen and deoxyribonuclease 
were purchased from Sigma. All other chemicals 
were of analytical grade except for the NaC1 and 
KC1 which were only of the 'pure '  grade when 
used for growth of large quantities of cells. 

Results 

Ba 1 cells grew aerobically with either NH~- or 
NO~- as the sole nitrogen source, and had the 
same generation time of 2.8 h with either of the 
substrates (Fig. 1), or with both in the growth 
medium. There was no growth under anaerobic 
conditions in the presence of nitrate and glucose, 
which means that the cells can neither ferment 
glucose nor use NO 3 as a terminal electron accep- 
tor in anaerobic respiration. When nitrate or am- 
monia was utilized as the sole nitrogen source, 
their rates of utilization were similar. However, 
ammonia was used preferentially by the cells, as 
can be seen in Fig. 1: when both NH~ and NO 3 
were present in the growth medium, NO 3 was not 
utilized untill all the NH~- was exhausted. Ba~ 
cells had all five enzymes that are generally 
accepted to participate in the assimilation of in- 
organic nitrogen: nitrate reductase, nitrite re- 
ductase, glutamate dehydrogenase, glutamine syn- 
thetase and glutamate synthase (Table I). Nitrate 
reductase was membrane-bound, while all the other 
enzymes were found in the soluble fraction of the 
cells. 

TABLE I 

INTRACELLULAR LOCALIZATION OF ENZYMES METABOLIZING INORGANIC NITROGEN 1N Ba 1 

Cells were grown with 20 mM KNO 3 as the nitrogen source. Glutamate dehydrogenase was assayed with NAD + and glutamate 
synthase with NADPH as the electron donors, n.d., not detected. 

Enzyme Specific activities 

membrane preparation supernatant (SupIl) 

Nitrate reductase (nmol N O r - ( m g  protein)-1, min--1) 121 
Nitrite reductase (nmol NO 2 • (mg protein)- 1. m in -  1 ) n.d. 
Glutamate dehydrogenase (#mol NADH.  (nag protein) -l- rain - l ) n.d. 
Glutamine synthetase (nmol hydroxamate.(mgprotein) 1-min -1 ) n.d. 
Glutamate synthase (# mol NADPH- (mg protein)- 1 min-  1 ) n.d. 

n.d. 
427.0 

22.3 
290.0 

11.8 
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Fig. 1. Time course of growth and ammonia  and nitrate 
utilization by Ba 1. Cells which were precultured on 10 m M  
K N O  3 were transferred to a medium containing 2 m M  NH4C1 
and 2.5 m M  K N O  3. e ,  A66o,m; A, NH~- concentration; and I ,  

NQ~- concentration in thr growth medium. 

Nitrate reductase 
Nitrate reductase activity was associated with 

the cytoplasmic membrane where the oxidases of 
NADH,  succinate and malate were also localized 
(not shown). N A D H  was the best electron donor 

TABLE II 

ELECTRON D O N O R S  A N D  C OF AC T OR S  F OR  N I T R A T E  
R E D U C T A S E  F R O M  M E M B R A N E  PREPARATIONS OF 

Ba I CELLS 

Electron donor 
and cofactor 

Nitrate reductase activity 
(nmol NO~- formed 
, rain - 1. (mg prote in)-  1 ) 

None  0 
N A D H  0.5 m M  121.1 
N A D H  0.5 m M  

+ F A D  (FMN) 2 m M  118.6 
N A D P H  0.5 m M  5.2 
N A D P H  0.5 m M  

+ F A D  (FMN) 2 m M  5.0 
Dithionite 5 m M  17.1 
Dithionite 5 m M  

+ methyl viologen 2 m M  20.0 
Dithionite 5 m M  

+ benzyl viologen 2 m M  19.5 
Dithionine 5 m M  

+ F A D  (FMN) 2 m M  18.1 
Succinate 20 m M  64.3 
Malate 20 m M  10.7 
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for nitrate reductase (Table II) while N A D P H  was 
a very poor substrate. Nitrate reductases from 
various sources are known to be stimulated by 
flavins [30]; in the present case, however, addition 
of either FAD or FMN did not enhance the 
activity with either of the nucleotides. With suc- 
cinate the activity was 53% relative to NADH,  but 
with malate it was less than 10%. Dithionite could 
also serve as a reductant in the nitrate reductase 
assay, though with less efficiency, but neither re- 
duced viologen dyes nor flavins enhanced the en- 
zyme rate. The K m of nitrate reductase for nitrate, 
with N A D H  as electron donor, was 66 /~M. The 
pH optimum of the enzyme was 7.3-7.5. 

Nitrate reductases from various sources, both 
of the assimilatory and dissimilatory types, were 
shown to contain molybdenum in their active site 
[3,4]. The enzyme from Bal was also dependent on 
molybdenum,  as was shown by tungstate 
antagonism. A comparison of the effects of tung- 
state and molybdate on ammonia- and nitrate- 
grown cells is presented in Fig. 2. Addition of 3 
mM tungstate to the medium, instead of molyb- 
date (Fig. 2A), inhibited the growth of Bal cells 
both on nitrate and on ammonia, probably be- 
cause tungstate interfered with other molybde- 
num-containing enzymes. However, while the 
nitrate-grown culture was almost completely in- 
hibited, the growth of cells on ammonia was only 
partially influenced. Furthermore, when only 0.75 
mM tungstate was added to the medium (Fig. 2B), 
growth on ammonia was not affected, but growth 
on nitrate was significantly inhibited. 

Nitrate reductase was competitively inhibited 
by chlorate with a K i of 1.76 mM. The enzyme 
was strongly inhibited by p-chloromercuri-  
benzoate and azide (Table III) and to a lesser 
extent by KSCN, KCNO and KCN. 1.5 • 10 -4 M 
concentrations of the electron transport inhibitor, 
antimycin A, inhibited 44% of nitrate reduction 
activity and 50% of N A D H  oxidase activity (not 
shown). Neither nitrite, which is the product of 
nitrate reductase, nor ammonia, which is the end 
product of the pathway, inhibited nitrate re- 
ductase activity. Exclusion of oxygen did not af- 
fect the activity (not shown), but extended the 
time during which the reaction was linear, prob- 
ably because in the presence of oxygen N A D H  
was consumed also by the N A D H  oxidase system 
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Fig. 2. Effect of tungstate on growth of Ba 1. Cells were grown on standard medium, except that when tungstate was added, 
molybdate was omitted. (A) Effect of 3 mM tungstate. Cells were grown in the presence of: ©, NH~ and MOO2-; O, NO~ and 
MoO 2-  ; ×, NH~ and WO 2-  ; I ,  NO~- and WO 2-  . (B) Effect of 0.75 mM tungstate. Cells were grown in the presence of ©, NH~ 

and MOO2-; t ,  NO; and MoO42-; ×, NH~ and WO42- ; I ,  NO;  and WO 2-.  

associa ted  with  the  same membrane .  
The  cel lular  levels of  n i t ra te  reduc tase  were not  

affected by  the type  ,~f n i t rogen  source in the 
g rowth  med ium;  specific act ivi t ies of  the enzyme,  
ca lcu la ted  on the basis  of  total  cell prote in ,  were 
s imi lar  for cells grown on a r ich m e d i u m  or  wi th  
ni t ra te ,  a m m o n i a  or  g lu t ama te  as the sole n i t rogen  
sources. 

TABLE III 

EFFECT OF DIFFERENT INHIBITORS ON NITRATE 
REDUCTASE ACTIVITY OF MEMBRANE PREPARA- 
TIONS OF Ba 1 CELLS 

Inhibitor Concentration Nitrate reductase 
(M) (% of control) 

p-Chloromercuri- 
benzoate 2.5,10- 5 48 
KCNO 1-10- 3 38 
KSCN 2.10- 4 41 
KCN 1-10- 3 41 
NaN 3 3-10- ~ 43 
Antimycin A 1.5-10-4 44 
NH4CI 2.10-1 97 
KNO 2 2.10-1 102 

Nitr i te  reductase 

The  p roduc t  of  ni t r i te  reduc tase  was NH~-,  as 
ev idenced by  the ident ica l  specific act ivi t ies mea-  
sured for ni t r i te  u t i l iza t ion  and  for  a m m o n i a  for- 
mat ion .  Ba l - fe r redoxin ,  r educed  by  di th ioni te ,  was 
the  best  e lec t ron d o n o r  for ni t r i te  reduc tase  activ- 
i ty  and  showed a specific act ivi ty  of  3904 nmol  
N O  -2 r e d u c e d .  (mg prote in)  -a  • min  -1. Reduced  
methyl  or  benzyl  viologens could  also serve as 
e lec t ron donors  bu t  the ra te  was only  11% relat ive 
to ferredoxin.  Ac t iv i ty  was de tec ted  also wi th  di- 
th ioni te  alone,  though the rate  was rela t ively slow. 
Ne i the r  F A D  or  F M N ,  nor  N A D H  or  N A D P H  
could  suppor t  N O  2 reduct ion.  The  p H  o p t i m u m  
of  the enzyme was 7.9. Cel lu lar  levels of  n i t r i te  
reductase  were regula ted  by  bo th  n i t ra te  and  am- 
monia .  Specific act ivi t ies of  the enzyme,  ca lcula ted  
on  the basis  of  to ta l  cell prote in ,  were 428 nmol  
N O  -2  r e d u c e d .  (mg prote in)  -1 • h -1 for  n i t ra te -  
grown cells and  230 nmol  N O {  r e d u c e d - ( m g  
prote in)  - 1 -  h -1 for  cells grown with bo th  n i t ra te  
and  ammonia .  A m m o n i a - g r o w n  cells had  no  
de tec tab le  ni t r i te  reduc tase  activity.  

A m m o n i a  assimilation 

Glutamine  synthetase. As in o ther  G r a m - n e g a -  



tive bacteria, magnesium ions inhibited the trans- 
ferase activity of glutamine synthetase from Ba 1 
(Table IV). The inhibition was more significant in 
NO3-grown cells, in which the ratio of activity 
+ M g 2 ÷ / -  Mg 2÷ was 0.074, while for cells grown 
on ammonia alone, or on ammonia plus nitrate, it 
was found to be 0.42-0.43. Glutamine synthetase 
activity was 10-15-times higher in nitrate-grown 
cells relative to cells grown with ammonia as the 
sole nitrogen source (Table IV). When both nitrate 
and ammonia were present in the growth medium, 
the activity was similar to that of cells grown on 
ammonia alone. As in other Gram-negative 
bacteria [17,18], glutamine synthetase activity of 
Ba 1 was subject to feedback inhibition by amino 
acids; 10 mM of alanine, serine, and glycine 
resulted in 46%, 58% and 29% inhibition, respec- 
tively. When all three amino acids were present in 
the reaction mixture, the inhibition was 69%. 

Glutamate synthase. N A D P H  was a more effi- 
cient electron donor to glutamate synthase than 
NADH.  The specific activities of the enzyme were 
11.8 and 1.5 ~tmol.(mg p r o t e i n ) - l . m i n  -1 for 
N A D P H  and NADH,  respectively. No activity 
was detected with reduced Ba 1 -  ferredoxin. Ac- 
tivity levels assayed with N A D H  or N A D P H  were 
similar in cells grown on either ammonia or nitrate 
as sole nitrogen sources, or on both. 

Glutamate dehydrogenase. Glutamate dehydro- 
genase activity with NAD ÷ as a substrate was 22.3 
/~mol • (mg protein)-  1. rain-  1, 15-20-times higher 
than with NADP +. The activity was 2.5-3-times 

TABLE IV 

EFFECT OF NITROGEN SOURCE IN THE GROWTH 
MEDIUM ON THE LEVELS OF GLUTAMINE SYN- 
THETASE AND ON THE DEGREE OF INHIBITION OF 
THE ACTIVITY BY MAGNESIUM IONS IN Ba I CELLS 

Activity was assayed in whole cells treated with cetyltrimethyl- 
ammonium bromide for permeabilization and preservation of 
the adenylylation state of the enzyme. 

N-source Glutamine synthetase activity Ratio: 
(/x mol hydroxamate- - Mg2 + 
(nag protein) - 1. rain - 1 ) / + Mg z + 

- M g  2+ + M g  2+ 

NO~- 190.0 14.0 0.074 
NH~ 14.3 6.1 0.43 
NO 3 + N H ~  13.9 5.9 0.42 
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higher for cells grown on ammonia,  or on am- 
monia plus nitrate, than for cells grown on nitrate 
alone. This finding was similar for both N A D H  
and N A D P H  as electron donor. 

Discussion 

Enzymes of the nitrate assimilation pathway in 
Ba 1 appear to be similar to those of other bacteria, 
except for the first step, catalyzed by nitrate re- 
ductase,  which has more in common with the 
dissimilatory-type enzyme. Like dissimilatory 
nitrate reductase, the enzyme from Ba 1 was associ- 
ated with the cytoplasmic membrane, which was 
also the site of the respiratory electron transport 
chain to oxygen. While reduced viologen dyes 
were poor electron donors, nitrate reductase could 
accept electrons from NADH, succinate and 
malate, which were also electron donors to the 
respiratory chain. Furthermore, antimycin A, 
which is known as a cytochrome b inhibitor [37], 
inhibited nitrate reductase and N A D H  oxidase 
activities to the same extent. These results suggest 
that nitrate reductase of Ba 1 accepts electrons 
from the respiratory electron transport chain, in a 
pathway which includes a b-type cytochrome, as 
in the denitrifiers [4]. Further studies of the elec- 
tron transport chain of Bal are necessary in order 
to understand why the electron transport to nitrate 
cannot fulfill the function of anaerobic respiration 
in these cells. In preliminary experiments we were 
unable to demonstrate synthesis of ATP coupled 
to electron transport from N A D H  to nitrate under 
anaerobic conditions. We propose, therefore, that 
this pathway cannot conserve enough energy to 
support cell growth. A particulate NADH-depen-  
dent nitrate reductase has been characterized in 
Rhodopseudomonas capsulata BK5 [38] and 
Azotobacter vinelandii [39]. Like the Bal enzyme, 
the R. capsulata nitrate reductase was not stimu- 
lated by flavins and was inhibited by chlorate. 
However, in contrast to the Ba~ nitrate reductase, 
the activity of the A. vinelandii enzyme was 
inhibited by oxygen and stimulated by added FAD 
and FMN. NADH-driven nitrate reductase was 
also found in Acinetobacter calcoaceticum [9] and 
Derxia gummosa [40], but unlike the Bal enzyme 
it was found to be a soluble enzyme. 

Assimilatory nitrate reduction in several 
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bacterial strains was shown to be regulated by the 
nitrogen source in the growth medium, via repres- 
sion by ammonia and induction by nitrate, but the 
regulatory patterns of the various strains were 
somewhat different. In Klebsiella aerogenes the 
enzyme was repressed in cells grown on ammonia 
[41]. When A. chroococcurn cells were grown in the 
presence of both nitrate and ammonia [7], they 
produced amounts of nitrate reductase inter- 
mediate to those present in cultures grown on 
either of the substrates. A similar situation oc- 
curred in the marine pseudomonad PL1, where 
nitrate reductase synthesis was repressed in cul- 
tures growing on excess of ammonia [8], and in D. 
gummosa where NH~- inhibited induction of the 
enzyme [40]. Contrary to these reports, nitrate 
reductase of Bal is not regulated by nitrate or 
ammonia. Nitrate utilization in Ba~ was regulated 
at two different levels that will be discussed sep- 
arately: (1) nitrate uptake, and (2) nitrite reduc- 
tion to ammonia. (1) When cells that were grown 
on nitrate were transferred to a medium contain- 
ing both nitrate and ammonia, only ammonia was 
taken up, and utilization of nitrate began only 
after the ammonia had been utilized. Since we 
have shown that cells had a fully active nitrate 
reductase under these conditions, it was concluded 
that the utilization of ammonia in preference to 
nitrate was due to failure of the cells to take up 
nitrate. That this is an inhibition, rather than 
repression, of the nitrate uptake system is con- 
cluded from the finding that nitrate uptake started 
without any lag, after ammonia was exhausted 
from the medium. Uptake of ammonia in prefer- 
ence to nitrate has been reported for plants, algae 
and fungi [42], while relatively few studies of this 
phenomenon in bacteria have been reported. In 
the marine pseudomonad PL1 [8] the uptake of 
nitrate was inhibited by ammonia concentrations 
higher than 1 mM. However, in contrast to Ba 1, 
both nitrate and ammonia were utilized simulta- 
neously at ammonia concentrations below 1 mM. 
In Pseudomonas fluorescens [43], ammonia was 
found to regulate nitrate assimilation at two levels: 
it inhibited nitrate transport as in Ba I but, in 
contrast to Ba~, it also repressed synthesis of this 
uptake system. (2) Nitrite reductase of Bal is 
repressed by ammonia and induced by the pres- 
ence of nitrate in the growth medium. This was 

shown by the finding that cells grown on am- 
monia show no activity of the enzyme, while when 
they are grown on both nitrate and ammonia, the 
cellular activity is about one half of that of 
nitrate-grown cells. It is not clear at this stage 
whether the inducer is nitrate itself, or its reduc- 
tion product, nitrite. In A. chroococcum both 
nitrate and nitrite were shown to induce nitrite 
reductase, but ammonia did not repress its synthe- 
sis [22]. The enzyme of R. capsulata strain ElF1 
[21] was found to be induced by both nitrate and 
nitrite, and it was suggested that it was actually 
the nitrite which promoted the synthesis. 

Incorporation of nitrate into organic com- 
pounds in Bal is regulated also at the level of 
ammonia assimilation at two points: repression of 
glutamine synthetase and induction of glutamate 
dehydrogenase by ammonia. The synthesis and 
activity of glutamine synthetase in Ba 1, like the 
enzyme from other sources [16,17,44-46], was reg- 
ulated by various factors. The enzyme was re- 
pressed by ammonia, and its activity was inhibited 
by amino acids and Mg 2+. In various bacterial 
strains it was shown that 60 mM Mg 2+ inhibited 
the transferase activity of the adenylylated form of 
the enzyme [16,17,31,47]. Therefore, it is suggested 
that Ba 1 glutamine synthetase is also regulated by 
adenylylation/deadenylylation. 

In conclusion, the assimilation of nitrate in Bal 
starts by its reduction to ammonia by a nitrate 
reductase which is associated with the electron 
transport chain on the cytoplasmic membrane, 
and a soluble nitrite reductase. This portion of the 
pathway is regulated by ammonia and nitrate at 
the level of nitrate uptake and nitrite reduction. 
Ammonia, generated from nitrate, is assimilated 
by the glutamine synthetase/glutamate synthase 
pathway, while ammonia supplied in the growth 
medium is incorporated into organic compounds 
by glutamate dehydrogenase. 
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