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ABSTRACT Recent work in our laboratory indicated that
the inhibitory effect of ammonium (NH} ) on assimilatory nitrate
reductase (ANR) activity in soil is not due to NH{ per se but to
glutamine formed by microbial assimilation of NH{ . To test this
conclusion, we studied the effects of eight analogs of L-glutamine
(L-glutamic acid y-methyl ester, L-glutamic acid y-hydrazide,
L-glutamic acid y-hydroxamate, L-glutamic acid y-ethyl ester,
L-glutamic acid dimethyl ester, L-asparagine, L-aspartic acid
B-methyl ester, and L-aspartic acid B-hydroxamate) and two
analogs of ammonium (hydroxylamine and methylamine) on
ANR activity in soil slurries. The studies with the L-glutamine
analogs showed that all except L-glutamic acid dimethyl ester
inhibited ANR activity in soil. The sharp contrast observed
between the strong inhibitory effect of L-glutamic acid y-methyl
ester on ANR activity and the complete lack of an inhibitory
effect with the corresponding dimethyl ester suggests that only
the free-acid form of glutamine effectively inhibits ANR activity.
The studies with hydroxylamine and methylamine showed that
both of these ammonium analogs inhibited ANR activity in soil
and that this inhibition was dependent upon glutamine synthe-
tase activity. This dependence indicates that inhibition of ANR
activity by hydroxylamine and methylamine was due to forma-
tion of the glutamine analogs L-glutamic acid y-hydroxamate
and L-glutamic acid y-methylamide, respectively. These obser-
vations support the conclusion that the inhibitory effect of NH}
on ANR activity in soil is due to glutamine formed by microbial
assimilation of NH] .

Most of the fertilizer nitrogen (N) applied to soils to increase
crop production is converted to nitrate (NO3) by the nitri-
fying microorganisms in soils, and there is international
concern about the potentially adverse effects of this NO3 on
environmental quality and public health (1, 2). Briefly, the
concern is that intensive use of fertilizer N will lead to
increased NOj levels in ground and surface waters and that
this, in turn, will lead to increased eutrophication of water
resources and to health hazards to humans (particularly
infants) through NO; enrichment of drinking water. This
concern has stimulated research on the fate of fertilizer-
derived NO3 in soils, and it is well established that NOj is
the substrate for at least three microbial processes in soils;
namely, assimilatory reduction of NO3 to ammonium (NHY),
dissimilatory reduction of NO3 to NH{, and denitrification
[dissimilatory reduction of NOj3 to dinitrogen (N;) and ni-
trous oxide (N,O)].

It is generally assumed that most of the fertilizer-derived
NOj5 in soil disappears via plant uptake, leaching, and
denitrification and that very little of this NO3 is reduced to
NH{ through assimilatory NO3 reductase (ANR) activity by
soil microorganisms (3-5). This assumption is based largely
on studies showing that, in contrast to dissimilatory reduction
of NO3 to NHY, assimilatory reduction of NOj is strongly
inhibited by NHJ (6, 7) and that NH; concentrations in soils
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usually exceed those required to inhibit ANR activity (5, 8,
9). Very little is known, however, about factors affecting
ANR activity in soils, and there is divergence in the literature
concerning the mechanism of inhibition of ANR activity in
soil by NHZ. Some workers have concluded that the inhib-
itory effect of NH; on ANR activity is due to NH} per se and
is not dependent on assimilation of NHZ by soil microorga-
nisms (5), but we recently reported studies leading us to
conclude that the inhibitory effect of NH} on ANR activity
in soil is due to glutamine formed by microbial assimilation of
NH; (10). The purpose of the work reported here was to
validate this conclusion by determining the effects of gluta-
mine and ammonium analogs on ANR activity in soils.

MATERIALS AND METHODS

The soils used (Table 1) were surface samples (0-15 cm) of
Iowa soils that had been sieved (2-mm screen) and stored
(4°C) in the field-moist condition. Immediately before use in
studies of assimilatory reduction of NO3 by soil microorga-
nisms, subsamples of each soil were preincubated at 30°C for
16 hr after treatment with glucose (2.5 mg of carbon per gram
of soil) to stimulate microbial activity and assimilation of
preexisting NHy and NO;3. They were then treated with
KNO; (60 ug of nitrogen per gram of soil) and glucose (500
ug of carbon per gram of soil) and shaken with water (3 ml/g
of soil) to obtain slurries for the experiments reported.

The effects of different compounds on ANR activity in soil
were studied by use of NO3 electrodes. In these studies,
slurries containing 10 g (dry weight) of soil were treated with
14 mg of K,SO4 (added to adjust ionic strength), placed on
magnetic stirrers in a room maintained at 30°C, and aerated
by bubbling with a stream of air. A NOj electrode (Orion
model 93-07) coupled with a double-junction reference elec-
trode (Orion model 90-02) containing 0.4 M K,SO4 outer
filling solution was inserted into each slurry, and the millivolt
output was charted by a pen recorder connected to an
ion-selective electrode meter. The slurries were incubated at
30°C for 120 min, and their ANR activities were monitored
continuously by NOj electrodes during this time. After the
first 60 min of incubation, the slurries were treated with
different amounts of test compound. The percentage inhibi-
tion of ANR activity by the test compound was calculated
from (A — B)/A X 100, where A is the ANR activity before
treatment with test compound and B is the corresponding
activity after treatment. L-Methionine sulfoximine (MSX) (1
pumol/g of soil) was added to some slurries to inhibit gluta-
mine synthetase activity (11).

MSX, methylamine hydrochloride, and the amino acids
used were obtained from Sigma. The other chemicals were
obtained from Fisher Scientific.

Abbreviations: ANR, assimilatory nitrate reductase; MSX, L-methi-
onine sulfoximine.
*To whom reprint requests should be addressed.
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Table 1. Properties of soils used
Soil
Series Subgroup

Organic Total Sand, Clay,
pH C,% N, % % % CCE*

Harps Typic Calciaquoll 7.9 42 050 9 43 41
Okoboji Cumulic Haplaquoll 7.1 2.8 0.22 19 34 0

*CaCOs equivalent.

RESULTS AND DISCUSSION

Previous work in our laboratory (10) showed that MSX, an
inhibitor of L-glutamine production via assimilation of NH;
by soil microorganisms, eliminated the inhibition of ANR
activity in soil by NH{ and that azaserine, an inhibitor of
L-glutamine metabolism by soil microorganisms, inhibited
ANR activity in soil treated with NO3 but did not do so in the
presence of MSX. We concluded from these results that ANR
activity in soil is regulated by the L-glutamine formed by NH;
assimilation (10).

To test this conclusion, we studied the effects of eight
analogs of L-glutamine on ANR activity in soil. The results
(Table 2) showed that all compounds tested, except L-glu-
tamic acid dimethyl ester, inhibited ANR activity in soil

Table 2. Effects of various compounds on ANR activity in soil

Amount % inhibitif)r! of ANR
added, activity
Compound pmol/g of soil  Harps soil  Okoboji soil
L-Glutamine 1 37 9
2 54 62
5 78 74
10 88 75
L-Glutamic acid 1 36 15
y-methyl ester 2 55 30
5 73 72
10 81 79
L-Glutamic acid 1 34 <1
y-hydrazide 2 61 13
5 62 26
10 67 31
L-Glutamic acid 1 17 29
y-hydroxamate 2 4 38
5 60 57
10 63 58
L-Glutamic acid 1 10 1
y-ethyl ester 2 14 4
5 24 7
10 29 15
L-Glutamic acid 1 <1 <1
dimethyl ester 2 <1 <1
5 <1 <1
10 <1 <1
L-Asparagine 1 59 51
2 70 78
5 79 79
10 81 81
L-Aspartic acid 1 67 35
B-methyl ester 2 77 49
5 80 62
10 79 62
L-Aspartic acid 1 24 16
B-hydroxamate 2 25 26
5 45 31
10 63 39
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slurries. The sharp contrast between the strong inhibitory
effect of L-glutamic acid y-methyl ester on ANR activity and
the complete lack of an inhibitory effect with the correspond-
ing dimethyl ester suggests that only the free-acid form of
L-glutamine effectively inhibits ANR activity. Our finding
that L-asparagine and other derivatives of L-aspartic acid
strongly inhibited ANR activity (Table 2) indicates that these
compounds are functional analogs of L-glutamine and inhibit
ANR activity by binding regulatory sites designed to bind
L-glutamine. The assumption that these sites would normally
bind L-glutamine gains support from reports that large in-

" creases in L-glutamine concentration occur in the cyanobac-

terium Anacystis nidulans within 30 sec after addition of NH{
(12) and that the inhibition of ANR activity in soil by NH{
also occurs within 30 sec after addition of NH7 (5).

Studies reported in Table 3 showed that both hydrox-
ylamine and methylamine inhibited ANR activity in soil but
that the inhibitory effects of these NH; analogs were con-
siderably smaller than that of NHJ (particularly the effect of
methylamine). It is well established that methylamine and
hydroxylamine are substrates of glutamine synthetase and
are converted by this enzyme to L-glutamic acid y-methyl-
amide and L-glutamic acid y-monohydroxamate, respectively
(13-15). To confirm that the inhibition of ANR activity
observed with these ammonium analogs was due to their
assimilation with formation of L-glutamine analogs, we stud-
ied the effect of MSX on their ability to inhibit ANR activity
in soil. We found that MSX eliminated the inhibitory effect of
hydroxylamine (Fig. 1) and methylamine (Fig. 2) on ANR
activity. This indicates that inhibition of ANR activity by
these NH; analogs was dependent upon glutamine synthe-
tase activity and was due to formation of the L-glutamine
analogs L-glutamic acid y-hydroxamate and L-glutamic acid
y-methylamide, respectively.

Previous workers have demonstrated that L-glutamic acid
y-methylamide is a very poor substrate for glutamate syn-
thase, the enzyme primarily responsible for metabolism of
glutamine in bacteria (16). It seems unlikely, therefore, that
the inhibition of ANR activity in soil by methylamine was due
to metabolism of L-glutamic acid y-methylamide formed by
glutamine synthetase activity.

There are reports of amino acids other than glutamine and
asparagine inhibiting ANR activity in microorganisms (5, 17),
but it seems likely that their influence is indirect. Romero et

Table 3. Effects of different concentrations of ammonium,
hydroxylamine, and methylamine on ANR activity in Harps soil

Conc.,
mg of N per % inhibition of
Compound g of soil ANR activity
Ammonium sulfate 1 26
3 68
10 82
25 86
Hydroxylamine 10 3
25 47
50 72
Methylamine 10 0
50 0
100 2
250 19
500 32
1000 57
2000 73

Slurries containing 10 g (dry weight) of Harps or Okoboji soil, 30
ml of water, 0.6 mg of KNOs-N, 5 mg of glucose-C, and 14 mg of
K,S04 were incubated at 30°C for 120 min. After the first 60 min of
incubation, the slurries were treated with 1, 2, S, or 10 umol of the
compound specified per g of soil.

Slurries containing 10 g (dry weight) of Harps soil, 30 ml of water,
0.6 mg of KNOs-N, 5 mg of glucose-C, and 14 mg of K>SO, were
incubated at 30°C for 120 min. After the first 60 min of incubation,
the slurries were treated with different amounts of the compound
specified. Conc., concentration.
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Fic.1. Effect of MSX on the inhibition of ANR activity in Harps
soil by hydroxylamine (NH,OH). Slurries containing 10 g (dry
weight) of soil, 30 ml of water, 0.6 mg of KNO3-N, 5 mg of glucose-C,
and 14 mg of K,SO4 were incubated at 30°C and treated with 0.5 mg
of NH,OH and 0; or 10 umol of MSX at the times indicated.

al. (17) studied the effects of 20 amino acids on ANR activity
in a cyanobacterium (Anacystis nidulans) and the ability of
these amino acids to act as amino donors to 2-ketoglutarate
by transaminase activity in cell-free extracts of A. nidulans.
They found that the ability of 16 of these amino acids to
inhibit ANR activity in A. nidulans was highly correlated (r
= 0.96) with their ability to act as amino group donors to
2-ketoglutarate, the exceptions being glutamine, asparagine,
methionine, and glycine. They concluded that the ability of
these 16 amino acids to inhibit ANR activity was related to
their ability to deplete 2-ketoglutarate in the cytosome and
not to the amino acids per se.

Much of the work concerning regulation of ANR activity in
bacteria has involved studies using photosynthetic cyano-
bacteria, and caution is clearly required when comparing the
physiology of nonphotosynthetic and photosynthetic bacte-
ria. For example, it is well established that the reduction of
nitrate in cyanobacteria is closely linked to photosynthetic
activity and the availability of CO, for such activity (12,
18-21). It has been proposed that the influence of CO,
availability on ANR activity in cyanobacteria is due to a
CO,-derivative (2-ketoglutarate) having a positive influence
on ANR activity in microorganisms (17).

Evidence that 2-ketoglutarate may be a positive effector of
ANR activity (17) and that L-glutamine may be a negative
effector (10) suggests that the short-term regulation of ANR
activity in bacteria may be controlled by the ratio of 2-keto-
glutarate to L-glutamine. Such control would have an obvious
parallel with the well-established mechanism for the short-
term control of glutamine synthetase activity in nonphoto-
synthetic bacteria by a regulatory cascade influenced by the
ratio of 2-ketoglutarate to L-glutamine (22). Recent work
demonstrated the existence of certain elements of a similar
cascade controlling aspects of nitrogen assimilation in pho-
tosynthetic bacteria (23, 24).

In summary, the experiments reported support the con-
clusion that the inhibitory effect of NH; on ANR activity in
soil is not due to NHJ per se but to L-glutamine formed by
microbial assimilation of NHJ .
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FiG.2. Effect of MSX on inhibition of ANR activity in Harps soil
by methylamine (CH3NH>). Slurries containing 10 g (dry weight) of
soil, 30 ml of water, 0.6 mg of KNO;-N, 5 mg of glucose-C, and 14
mg of K>SO, were incubated at 30°C and treated with 20 mg of
CH3NH: and 0; or 10 umol of MSX at the times indicated.

iment Station (Ames, 1A) (Project 2655). This work was supported in
part by the U.S. Department of Agriculture (Grant 89-COOP-1-4724).
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