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1. Introduction

Spirillum lipoferum can fix N, in association with
the roots of maize and certain tropical grasses, and
partially relieve the dependence of these plants for
growth on fixed N [1]. The potentiality of this bacte-
rium, as an agent of associative symbiosis, depends
however on its ability to export NHj outside the cell
under the conditions of N,ase derepression. In general,
N,ase of N, fixing bacteria are highly susceptible to
ammonia repression [2,3], and N,ase biosynthesis
occurs only when a deficiency of ammonia exists with-
in the cells making it impossible for them to export
ammonia synthesized from N,. On the other hand,
the nif genes of the most useful symbiotic bacteria
belonging to Rhizobium spp., when present in the bac-
teroid form in root-nodules, appear to remain in a
derepressed state even in an environment of free
ammonia which they export to the cytoplasm of the
host cells [3]. It is not clear how ammonia exerts its

powerful repression effect on nif in most nitrogen fix-

ing bacteria, and why this repression is particularly
weak in the bacteroids of Rhizobium spp. The repres-
sion of nif genes by NH, can however be overcome in
Klebsiella pneumoniae by certain mutations in gln or
gin regulatory genes [4,5],and in most other N,-fixing
organisms by adding MSX [3,6,7], a structural anal-
ogue of glutamine that strongly inhibits GS [8]. As
interpretations of these results have been controversial
[3,5.9], we looked for an alternative method of con-

Abbreviations.: GS, glutamine synthetase (EC 6.3.1.2); N, ase,
nitrogenase; nif, nitrogen fixation genes; gln, structural gene
for GS; MSX, L-methionine D,L-sulfoximine; CTAB, cetyltri-
methyl ammonium bromide; DMSO, dimethylsulfoxide; NF,
nitrogen free
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stitutive expression of Nyase by the application of
DMSO for a possible clarification of any role of GS in
the process of derepression. DMSO is already known
to be an effective agent in the induction of several
bacterial genes under repressed state [10]. We show
here that DMSO can induce biosynthesis of N,ase in
8. lipoferum in the presence of NHj without affecting
ammonia repression of GS biosynthesis.

2. Materials and methods

2.1. Bacterial strain

The strain used was Spirillum lipoferum RG which
was resistant to streptomycin and formed good colo-
nies within 36 h in the N-free agar medium. This strain
was selected from a culture of Spirillum lipoferum 81
sent to us by N. R. Krieg.

2.2.Growth medium

Nitrogen free medium was composed of salts and
C-source asin [11]. AMY medium was made by adding
0.05%NH,4Cl and 0.01% yeast extract to NF medium.
GA medium was NF medium containing 0.2% gluta-
mate. For microaerophilic incubation, growth media
were made semi-solid by the addition of 0.05% agar.

2 3. Assay of nitrogenase

A three step procedure for derepression of nitro-
genase and its assay using intact cells of S. lipoferum
RG was adapted from the method in [11,12]. All
incubations during growth and assay period were done
at 37°C and A 59 of cell suspensions was measured:
Step 1. 8. lipoferum RG was grown overnight with

full aeration to stationary phase in AMY medium,;
Step 2. Washed cells from step 1 were resuspended

77



Volume 126, number 1

in the semi=solid medium (0.7—1.0 4 units) and
lIlbUDd LCU unuer a blngldIll bUIlUlUUIl \IIIILIO&CIU-
philic growth) for 24 h. When necessary, addition
of DMSO was made in the microaerophilic growth
medium after allowing 6 h preincubation without
DMSO followed by 18 h incubation with DMSO;
Step 3. Cellscollected from step 2 were washed free
of any drug or N-source and resuspended in NF
medium to 3.2—-3 .4 4 units. Each assay vial (9 ml)
was sealed with an airtight cap after adding 3 ml
cell suspension, pO, was reduced to 0.035 atm by
withdrawing air with a syringe,; 1 ml C,H, was
injected into the gas space of the vial and incuba-
tion started in a rotary shaker. Amount of C;H,
formed during incubation was measured by gas

cnromatograpny [1 L}, DMdU addition was made

by injection into the vials, when necessary . % DMSO
was calculated ag ml DMSQ added /] 00 ml medium.

Luidicld

24.Assay of GS
Active form of GS was measured by the biosyn-
thetic assay (forward reaction) procedure asin [13,14].

Whole cells were routinely made permeable by treat-
ment with 0.01% CTAB before enzyme assay [13].

GS activity is dafined ac the amount nF
aciivity G as

One unit of
[ eiinea tne amount

enzyme producing 1 nmol y-glutamyl hydroxamate/
min in the assay mixture [14]. Protein concentration
of cell suspension was measured as in [18].

3. Results

In [17], no detectable N,ase proteins were synthe-
sized when S. lipoferum cells were incubated under
microaerophilic condition in the presence of ammonia.
We found little expression of Nyase activity when
S. lipoferum RG was incubated in step 2 under micro-
aerophilic conditions in semi-solid AMY medium, but

the presence of DMSQ in the same medium resulted
€ pr 1€ SaMmMe meaiur Sui

in high level expression of N,ase activity (fig.1). We
usually added 8—10% DMSQ in the semi-solid medium
of step 2 for derepression of nif (on adding 10% DMSO,
the generation time of S. lipoferum RG increased from
125--205 min when tested in a N-rich complex growth
medium), but the higher the concentration of the drug

used  the loncer was the neriad of lae in the full
Useq, g 10NgeY was e perica of aag in ine iuun

expression of Njase activity in step 3 assay (fig.1). In
contrast, S. lipoferum RG cells, derepressed in GA
semi-solid medium of step 2, showed full expression
of N,ase activity without any lag in step 3 assay, and
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Fig.1. Effect of DMSO on derepression of nitrogenase in pres-

ence of ammonia. Spirillum lipoferum RG cells were grown,

derevressed in semi-solid AMY or GA medium with or with-
QeIropressea in semi-soUaG AM

out DMSO and assayed for nitrogenase activity as in section 2:
(-0=) AMY; (—m-) GA; (—e—), AMY + 8% DMSO; (-°-),

o TYRAQ

AMY + 10% DMSO.

its specific a ctivity (nmol C,H, formed . mg cell

protein~! _h~!)was nearly the same as that of the cells
derepressed in AMY semi-solid medium containing
8% DMSO but after ~1 h lag (fig.1). As glutamic acid
is not known to cause repression of nitrogenase syn-
thesis to any significant extent in bacteria [2,15], it
may be assumed that nif genes of S. lipoferum were
maximally expressed under both conditions of
derepression. Although maximal N,ase activity with-

out any lc.n was shown hv the cells rlprp?rpecpd in GA

seml-sohd medlum, an addltlon of 10% DMSO in the
same medium did show a lag in step 3 (fig.2), but this
lag was shorter compared to the case where 10% DMSO
wasadded to AMY semi-solid medium. It appears that

both DMSO and ammonia in step 2 could be contrib-
utory factors for the delay shown by the derepressed

cells in the development of maximal N-acp ar\fnnhl
1€ geveiopment o maxim

during incubation in the N-free assay medlum.
DMSO was also found to be a powerful inhibitor

of nitrogenase activity . This is shown in fig.2. It can

be observed that when 10% DMSO was injected into
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Fig.2. Reversible inhibitory effect of DMSO on nitrogenase

ctivity . Spirillum hnnfo:—um RG cellswere erown  derepressed
avuvu,] SPIIn o Cgic , GEICPICSSCa

in semi-solid GA medlum with or without DMSO and nitrogen-

ase assayed as in section 2: (—0—)GA; (—o~)GA +10% DMSO.

At 2 hin step 3, DMSO (10%) was added into the vial con-
taining cells derepressed with GA + DMSO and further incu-
bated for 1 h. The vial was opened, cells washed free of DMSO,
resuspended in the N-free medium (3 ml) and step 3 procedure
was continued for acetylene reduction starting at 3.5 h.
(—e—) DMSO-treated cells during step 3.

assay vials containing derepressed cells, the production
of C,H, stopped immediately (experiments not report-

Laca ol thot cunn YL TYMCO ~nnld rnnmnlataly
Gu IICIC buuwcu tnat even 2% DMSO couia COflipivicLy

inhibit N,ase activity). Moreover, the DMSO-treated
cells, when washed free of DMSO after 1 h of exposure,
regained immediately their full Nyase activity (fig.2).
Therefore, the inhibitory effect of DMSO on the
N,ase activity is readily reversible.

In order to determine whether DMSO also affects
repression of GS biosynthesis by ammonia, biosyn-
thetic activities of GS were measured at various times
during step 3 incubation with nif derepressed and
repressed ce]ls of §. lipoferum RG. As can be seen from
table 1, the presence or absence of 10% DMSO in
semi-solid AMY medium during microaerophilic incu-
bation of step 2 did not alter the low level of GS bio-
synthetic activity (expt 1,2) compared to the high
derepressed level of the same activity obtained in GA

medium (expt 3). In all these experiments maximal

ICGILINI RCXPL 2 2l all s U4 pPeiiineiily IMaxillal

GS act1v1t1es were shown within 60—-90 min after the
start of step 3 incubation in the Nfree medium and
thereafter they remained nearly stationary for many
hours.
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Table 1
GS activities of nitrogenase repressed or derepressed cells of
S. lipoferum RG

Exp Step 2 GS spec.act.? N,ase
medium spec. act. b
0 min 60 min
1 AMY 14 30 <10
2 AMY 8.2 24 150°¢
+10% DMSO
3 GA 72 90 200

4 GS specific activities are nmol ~y-glutamyl hydroxamate
formed . min~'. mg protein !

b Nitrogenase specific activities are nmol C,H, formed . h-!,
mg protein !

€ Specific activity was determined after C,H, production

hecame linear with time
oécame angar wimn ume

CTAB was added to the cells at the indicated time during
incubation in step 3 and GS was assayed for biosynthetic
activity as in section 2

4, Discussion

GS was implicated as a positive regulatory element
in the expression of N,ase activity based on an analysis
of nif phenotypes of certain Klebsiella pneumoniae
strains having mutations within the structural genes
of GS [4,16]. Studies with GS regulatory mutants of
the same bacteria however suggest that GS may not

PR IR TIPS E PR

be absolutely required for nif expression [9] nor that
GS mediates the repression of nif by NH; [5]. Our
results show that the induction of N,ase synthesis in
S. lipoferum RG by DMSO in the presence of NHj
was possible without affecting the repressed state of
GS. The possibility of constitutive expression of N,ase
in Nz-fixing bacteria in the presence of DMSO would,

LIIUIULUIE DC Ul use in lUI LIICI UIULIUdUUIl Ul I.IlC
mechanism of nif repression by ammonia.
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