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ABSTRACT Genetic manipulation of nitrogenase and
key glutamate-forming enzymes can provide mutants that
excrete fixed N; as NH:*. A derepressed N; fixation mutant
(SK-24) has been isolated, which excretes up to 20.2 umol
of fixed N; as NH;* per mg of cell protein in 24 hr at room
temperature. Biochemical analysis shows that this mu-
tant, which requires glutamate for growth, releases fixed
N; as NH;* into the environment because of (i) constitutive
synthesis of nitrogenase and (ii) genetic blocks resulting
in losses of glutamate synthase [L-glutamine:2-oxoglu-
tarate aminotransferase (NADPH oxidizing), EC 2.6.1.53]
and glutamate dehydrogenase [L-glutamate: NADP oxido-
reductase (deaminating), EC 1.4.1.4] activities, enzymes
essential for NH;* assimilation into cell material. The
parent strain (asm-I), missing only glutamate synthase
activity, also actively excretes NH;* during early phases of
its growth but eventually reutilizes the NH;*. A maximum
yield of 4.0 umol of NH;*/ml per 24 hr has been noted for
asm-1 only during the growth period. Biosynthesis of NH,*
proceeds at the expense of a variety of fermentable sugars,
such as sucrose or glucose, with a maximum energy con-
version efficiency of about 5 glucose degraded per NH.*
formed. The use of microbes for production of NH,*
fertilizer is discussed.

There is now considerable experimental evidence that impli-
cates glutamine synthetase [L-glutamate:ammonia ligase
(ADP-forming), EC 6.3.1.2] as a direct participant in genetic
control of nitrogen fixation (nif). These findings can be sum-
marized as follows: (¢) We have found that glutamine-requir-
ing auxotrophs (ginA ~) that lack catalytically active gluta-
mine synthetase cannot synthesize nitrogenase (1). (¢2) When
glnA ~ mutants reacquire the glutamine synthetase (gin) genes
as a result of conjugation with Escherichia coli carrying an F’
gln episome they can again make nitrogenase (2). (72t) Kleb-
stella mutants (GInC-) in which glutamine synthetase bio-
synthesis is constitutive continue to synthesize nitrogenase,
in the presence of NH,*, at levels up to 309, of those produced
in the absence of ammonia (1). (i) Introduction of an F’ nif
episome carrying the nif genes into GInC~ strains results in
constitutive synthesis of nitrogenase (3). Recently we have
constructed a nif-constitutive strain of Klebsiella pneumoniae
(SK-24) which continues to synthesize nitrogenase, in the
presence of NH,*, at levels up to 659, of those synthesized
under derepressed conditions. Experiments reported here show
that mutant SK-24 as well as its parent asm-1 (4) excrete
considerable quantities of fixed N; as NH,*. Some implications
of these findings for commercial NH,* production and as a
model system for understanding NH,* production by root
nodule bacteria are discussed.

MATERIALS AND METHODS

Microbiological. The wild-type strain was Klebsiella pneu-
moniae M5A1. The isolation and properties of mutant asm-1
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were as described previously (4). This mutant does not require
exogenous glutamate or glutamate precursors, provided the
medium contains greater than 1.5 mM NH,* ions (4). Nitro-
genase derepressed strain SK-24 was isolated as a glutamate
auxotroph following treatment of asm-! for 30 min with 300
ug/ml of nitrosoguanidine (details for isolation of nif con-
stitutive mutants will be presented in a separate publication).
For growth on minimal medium (5) SK-24 must be supple-
mented with glutamate or a glutamate precursor such as
aspartate, or glutamine.

NH,* excretion experiments were performed at room
temperature in 124-ml stationary flasks containing 50 ml of
minimal medium which were constantly sparged with a stream
of N, (or in certain instances argon) via glass tubes fitted
through the stopper of the flask. Growth was measured by
following the increase in optical density at 420 nm using a
Gilford 300N spectrophotometer.

Biochemical. For NH,;* determination 0.1- to 0.3-ml ali-
quots of cell supernatant, clarified by centrifugal removal of
the cells for 10 min at 12,000 X g, were added to micro-Con-
way diffusion chambers, which were incubated for 12 hr at
room temperature to permit entrapment by diffusion of all
the NH,* in the center well. NH,* was then determined
colorimetrically using Nessler’'s reagent (6). Glucose was
assayed by the ferricyanide procedure (7). Soluble protein
was determined by the procedure of Lowry et al. (8) and whole
cell protein by the method of Drews (9). Whole cell nitro-
genase levels were measured using the acetylene method (10).
Enzymatic activities of glutamate synthase [L-glutamine:
2-oxoglutarate aminotransferase (NADPH oxidizing), EC
2.6.1.53], glutamine synthetase, and glutamate dehydro-
genase [L-glutamate:NADP oxidoreductase (deaminating),
EC 1.4.1.4] were assayed using procedures described earlier
(1). For determination of amino acids in the growth medium,
aliquots clarified as above were added directly to the column
of a Beckman model 121 automatic amino-acid analyzer for
chromatography.

RESULTS

Biochemistry of NH,*-Excreting Strains. The patterns
of NH,* production from N, described in the next section
were consistent with the levels of crucial enzymes synthesized
by the NH,*-excreting strains (Table 1). For example, bio-
chemical analysis revealed that strain SK-24 continued to
synthesize nitrogenase, in the presence of NH,™, at levels up to
659, of those produced in the absence of NH,*. Note also
that in this strain glutamine synthetase was produced con-
stitutively (GInC-), whereas glutamate dehydrogenase ac-
tivity was absent. As expected, this nif constitutive strain
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Fic. 1.
Methods.

produced no glutamate synthase, a property shared with its
parent asm-! (Table 1). Otherwise the enzyme levels of asm-1
were similar to those of the wild type, i.e., in asm-1 there was
complete repression of nitrogenase by NH,*, several-fold
repression of glutamine synthetase, and, conversely, strong
induction of glutamate dehydrogenase in the presence of
NH,*.

Patterns of NH,* Production from N,. The experiment sum-
marized in Fig. 1 is divided into two parts; as shown in the left
half of the figure, labeled “N,”, derepressed strain SK-24 was
found to excrete up to 20.2 umol of fixed N; as NH, per mg of
cell protein during a 24-hr incubation period at room tempera-
ture with N, gas supplied by sparging. A maximum level of 5.6
umol of NH,* per ml of culture fluid was observed at the
end of the experiment. Owing to the absence of both gluta-
mate-forming enzymes this strain required supplementation
with glutamate for growth, providing a convenient way to
control cell yields during the experiment. From Fig. 1 it is seen
that once growth ceased, production of NH,+ continued for
several days. Exhaustion of glutamate needed for maintain-
ing protein synthesis could explain the decrease in nitrogenase
activity with consequent cessation of NH,* production. An
identical experiment was carried out as a control (Fig. 1—
“Argon”) except argon replaced N; of course, NH,* was
not produced in this case. Aliquots of the cell supernatant, re-
moved at various times and analyzed using a Beckman auto-
matic amino-acid analyzer, revealed only traces of amino
acids other than the added glutamate, whose consumption
was found to closely parallel that of cell growth. Most exog-
enous glutamate was utilized for cell growth prior to the
peak period of NH,* production, ruling out the possibility
that this amino acid contributed its amino group for NH,*
production. Also, the maximum levels of NH,*+ produced
in this experiment far exceeded the total level of glutamate-
NH,. Thus, it seems probable that NH,* itself was excreted
into the supernatant, although the mechanism of transport
of this ion across the cell membrane remained to be estab-
lished.

Initial studies on NH,* production by asm-1, parent of SK-
24, where samples for NH,* determination were taken only

Time course of NH,* production from N, by derepressed nif strain SK-24. Details are given in the tert and in Materials and

after several days’ incubation, revealed some NH,* production
with values considerably lower than those of the constitutive
strain SK-24. However, as summarized in Fig. 2b, closer in-
spection showed that NH,* production by asm-I followed a_
biphasic curve, with NH,* production dominant during the
second day of incubation, followed by a decline in rates of
NH,* production best accounted for in terms of reutilization
of the excreted NH,*. The evidence for this proposal was that
cell growth continued for several days, well beyond exhaustion
of added glutamate; thus growth must have occurred at the
expense of excreted NH,*. Also asm-1 has been reported to
lose its requirement for glutamate, using NH,* instead, at
approximately the level of NH,* encountered in this experi-
ment (4). Two additional points are: (¢) The maximum
amount of NH,* produced in a 24-hr period at room tem-
perature with asm-I reached 4.0 umol per ml of culture fluid—
the highest values we have yet recorded for any of our mutants
(see Fig. 2a) ; however, the rate of production on a cell protein
basis was lower than for SK-24 (Fig. 2b). (¢7) Other mutant

TaBLE 1. Enzyme levels of NH,*-producing strains
Gluta- Gluta- Nitro-
mine Gluta- mate gemlzs;
Growth syn- mate dehydro- (’;;2_0 n{ gr
h
condi- thetase  synthase genase of cell
Strain tions (nmol/min per mg of protein)  protein)
M5A1 —NH,+ 492 12 <5 5.6
+NH,+ 167 31 101 0.0
asm-1 —NH,+ 661 <5 18 2.5
+NH,+ 287 <5 194 0.0
SK-24 —NH,* 629 <5 <5 4.13
+NH,+ 759 <5 <5 2.70

Cells were grown anaerobically at 22° in sucrose minimal

medium supplemented with 100 ug/ml of L-glutamate. When
added, NH,* was initially 15 mM. Cell-free extracts were prepared
by disruption of cells with a French pressure cell as described
previously (1). Enzyme assays were conducted as described in
an earlier publication (1).



138 Microbiology: Shanmugam and Valentine

50

Proc. Nat. Acad. Sct. USA 72 (1975)

1
mt.

KP- _KP-5069

asm-
%,a KP-5078

NH,’ Produced (umol/ml)

NN

KP-5079

T | | | 250
b SKV

—200

X
100

KP>5069

/
\ —{150
-

NH," Produced (umol/ml per mg of cell protein)

a_KP- 5078
\ 50
\ ‘6*0)9 a

KP-5022
V\
v TIoA T KP-5022 s
[ | —p . MSATT
60 80 0 20 40 60 80 100

Incubation Time (Hr)

Fic. 2. Patterns of NH,* production by different Klebsiella mutants. See Materials and Methods for experimental details. Properties
and isolation of bacterial strains with designation KP 5069, etc. are summarized in Table 1 of ref. 1.

strains with altered glutamate or glutamine metabolism,
such as K. pneumoniae K.P. 5069, are also capable of produc-
tion of NH,* in significant quantities, in contrast to the wild
type, which excretes only traces of NH,* (Fig. 2).

Energy Requirement for NH,* Production. Nitrogenase is
one of the most unusual enzymes known—the purified en-
zyme consumes as much as 15 moles of ATP per mole of N,
substrate reduced to NH,* (11, 12). In addition to ~P energy,
nitrogenase also requires as substrate powerful reductants
such as reduced ferredoxin, formation of which requires large
numbers of additional ~P’s. Nor is this a complete energy
balance for fixation; one must add the ~P equivalents for
synthesis of large amounts of the enzyme nitrogenase, etc.

As summarized in Table 2, a maximum energy conversion
efficiency of about 5 glucose/NH,* has been obtained with
nongrowing cultures of SK-24 (for example between 48 and
60 hr of growth). For these calculations basal levels of glucose

TaBLE 2. Glucose consumption by strain SK-24
during NH,* production

Age of the Glucose NH,*
culture consumed excreted Glucose consumed /
(hr) (umol/ml)  (umol/ml) NH.+ excreted*

0 0 0.09

12 6 0.00
24 12 0.78 7.69
36 17.8 2.00 4.75
48 23.8 3.23 4.88
60 29.7 4.42 4.96
72 35.7 4.98 10.71
84 41.6 5.23 23.60
96 47.5 5.45 26.82
108 53.5 5.63 33.33

Samples for glucose determination were taken during the
experiment summarized in Fig. 1. NH,* data are derived from
Fig. 1.

* Ratio of pmol of glucose consumed per umol of NH,*
excreted was calculated between successive time intervals.

catabolism have not been deducted. This provides a means
for an estimate of the moles of ATP utilized per mole of NH,*
produced, based on the assumption that SK-24 ferments
glucose via the conventional glycolytic pathway to pyruvate.
Since most coliform bacteria are able to extract additional
ATP from pyruvate catabolism (13, 14), it is further assumed
as a rough approximation that 1 additional ATP per glucose is
obtained in this manner. Hence, one may suggest about 15
ATP/NH,*, so that N, fixation is an extremely costly energy-
requiring process for the cell.

DISCUSSION

Since wild-type cultures of K. pneumoniae excrete only traces
of NH,* into their environment during their growth cycle
(Fig. 2), it appears that the NH,* production and utilization
under laboratory conditions must be closely balanc d sys-
tems, as one may expect for most biosynthetic processes.
Indeed, the probable large energy output in terms of ATP
and reducing power needed to support N, fixation may func-
tion selectively in imposing stringent conditions on growth if
a tight regulation between N, fixation and the cellular con-
sumption of NH,* is to be maintained. However, such control
is obviously not operational in agronomically important No-
fixing organisms such as the symbiotic root nodule bacteria
(bacteroids) of leguminous plants which excrete NH,* for
plant growth (15). It will be of considerable interest to pursue
experimentally this analogy between NH,*-excreting Kleb-
stella and root nodule bacteria.

In Klebsiella it appears relatively easy by genetic manipula-
tion to disrupt the tight integration between N, fixation and
cell growth, thereby releasing fixed N, as NH,* into the
environment. The simplest procedure, as with asm~ mutants,
is to genetically interrupt the flow of NH,* via glutamate into
cell material without altering NH,* production (nitrogenase
activity). We envision the chain of events leading to NH,*
production by asm~ strains as follows: (i) Nitrogenase is
induced, catalyzing synthesis of NH,*. (i) Transient auxo-
trophy resultant because the key glutamate-forming enzyme,
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glutamate synthase, is missing (glutamate dehydrogenase,
another enzyme transferring the NH,*N into glutamate, is
repressed under these conditions) blocks conversion of this
ammonia to glutamate. (t17) NH,* produced by nitrogenase
is transported in some unknown manner into the medium.
(iv) As the level of NH,* in the medium reaches a critical
concentration (about 0.1 mM), glutamate dehydrogenase
activity is expressed, providing s secondary pathway for
reutilization of NH,* for cell growth (abolishing glutamate
auxotrophy). (v) As NH,* accumulates in the medium, nitro-
genase synthesis is repressed. We suggest that the mechanism
of NH,* production by the nitrogenase-derepressed strain
SK-24 is similar to asm-1 except that, firstly, the NH,* re-
utilization step does not take place owing to continued re-
pression of glutamic dehydrogenase and, secondly, nitro-
genase is no longer subject to strong repression by NH,*.
It is interesting to speculate that a GInC— mutation may be
responsible for the derepressed synthesis of nitrogenase and
glutamine synthetase in strain SK-24, since the properties
of this mutant resemble the GInC— mutants described by
Magasanik et al. (16). However, until the genetic lesion of
SK-24 is mapped, other alternate explanations may be pos-
sible, such as a genetic defect blocking NH,* assimilation
to form glutamate in amounts sufficient to yield repressive
levels of glutamine, a known repressor of nitrogenase (1).

It is of interest to note that Gordon and Brill (17) re-
cently mentioned that addition of rL-methionine-pi-sulfox-
imine (which apparently interferes with the ammonia assimi-
lation), at a concentration of 28 mM, to cell suspensions of
Azotobacter vinelandii results in the release of fixed ammonia.

Relatively large amounts of ATP (about 15 moles of ATP
per mole of fixed N) may be consumed during N, fixation, a
crucial fact to be remembered in proposals of microbial pro-
duction of NH,*. Thus, the versatile blue-green algae might
be ideal organisms for producing NH,* fertilizer because
these microbes utilize an unlimited energy source—solar
energy—directly for N, fixation. Microbial production of
NH,™ at the expense of other cheaply available energy sources
such as cellulose or molasses might also prove feasible.
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