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SUMMARY

The hydrogen inhibition of nitrogen fixation in cultures of Azolobacter vinelandii has
been re-examined. Hydrogen caused a lag in the rate of nitrogen increase of the
cultures at low pN,, but not at high pN,. When the cells were adapted to H,, the lag
at low pN, was eliminated, and nitrogen increase was exponential.

H,-adapted cells were grown at varying pN, with and without H, and the cell
nitrogen was measured. Kinetic analysis of the rate constants 5o chiained showed
that the inhibition was not of the competitive type previously reported.

The reasons for differences between this and earlier work have been discussed,
with particular reference to the possible production of differential oxygen concentra-
tions at different pXN,, and to the effects of H, in inducing lags in nitrogen increase and
in altering the Qo,(N).

INTRODUCTION

Hydrogen was originally identified as an inhibitor of nitrogen fixation in nodulated
legumes!.2, Further experiments also with legumes suggested a competitive relation-
ship between H, and N34, Confirmation of the competitive nature of the inhibition
was obtained using Azotobacter cultures in place of the more complex symbiotic
system?®.8, Whilst the methods used with Azotobacter included some direct estimations
of nitrogen fixed, they were principally indirect and used respiration as a measure of
nitrogen fixation. Hydrogen has since been shown to inhibit the fixation of nitrogen
by a number of different organisms: Clostridium pasteurianum’, Nostoc muscorums,
Rhodospirillum rubrum?®, Aerobacter aerogenes'®, Achromobacter spp.!! and a Clostridium
spp.'2 In Aerobacter?® and in Clostridium?.12 the inhibition has been reported to be
competitive. The evidence with the latter two organisms is less convincing than that
with Azotobacter because (a) their experimental growth rates were very slow and (b)
these crganisms themselves evolve H, 1n their anaerobic metabolism.

In the autotroph Deswulphovitrio desulphuricans, no inhibition of nitrogen
fixation by H, was detected'3. Methanobacterinm omelianskii fixes N, while reducing
CO, with H, in the synthesis of carbohydrates and, in the absence of organic sub-
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strates, tiivereepirtement for H, is absolute!4, It therefore seems unlikely that H, will
inhibitrmtrewen fiation.in this organism. Further doubt is cast on the role of H, as a
consistertt inflilitor of: N, fixation by its lack of inhibition in cell-free extracts of
Clostril inmnd5918¢ -
‘Mee reethintiom of: N2 to ammonia appears to he the most probable pathway by
which mitregeen fication occurs’?. BavLiss!® has shown that the reduction of N, to
ammenia Hus @ favorable free energy change, and that nitrogen can therefore be
regaritel] s mam oxidant: in this process. Competition between O, and N, reported by
PansmrawnSurTi®supports this view, and suggests that the enzyme ‘‘nitrogenase”
may thaweatbserr affinities with an oxidase than with hydrogenase.
TThewswthattiydrogenase and nitrogenase may be identical has been criticised?”
onrtheffdlbvaigrgrounds: (a) other non-nitrogen fixing organisms contain hydrogenase,
{b) thvnpeemse-iim Azotobacter and Clostridium is equally active with molybdenum
or with warsdinm,. whereas nitrogen fixation is inhibited by vanadium, {z} iron
deficieny ozusess inhibition of both nitrogen fixation and hydrogenase activity,
whereasmrdiHabrmum deficiency reduces nitrogen fixation but not hydrogenase action.
A restinvessigation of the hydrogen effect on nitrogen fixation therefore seemed
warrarteet] . dtosdblacter vinelandii was used in this work because under the conditions
of ourceyerTiments- it oxidises carbohydrate quantitatively and therefore lends itself
to-stutidesiin Wianrhurg flasks where the composition of the gas phase can be controlled.
Dana oircanesti fiom dircet measurement of the_bacterial nitrogen under these con-

diions siggestee| that H, is not a competitive inhibitor of nitrogen fixation.™

METHODS

The: orgamism used: was A. vinelandii strain O, kindly made available by Professor
PUOWL Wi{nﬁem\.:nvzgomus culture was preserved in ampoules by vacuum-drying and
wasrecons ituisdiat frequent intervals to reduce physiological vanablhty during the
expetimeenss. THe experimental cultures were aerated overnight in M22 medium,
centrifigget] att beo < g for 5 min, and the supernatant and non-flocculating cells
remor 1. ([His- pmcedure prevented bacterial agglutination in the Warburg flasks
duting gthecperiments.) The cultures were then standardised to a known density at
6oomuantlaerated again for 2 h before use?®,

Gases

[The livvlingen . was prepared commescially by electrolysis of hot NaOH solution
and wasggmanateed free of all impurities except traces of oxygen. Argon was from the
British(Bouygean: (o, Nitrogen was dry hospital nitrogen containing less than 0.5 9% O,.
ThepOusectitiironghout was 0.15 atm. to provide adequate oxygen during the course
of rthe eopeetinents; whilst allowing a reasonable rate of growth and respiration?®:21,
The jpressirer-aff H, (when used) was 0.3 atm.; the balance of the gas to atmospheric
“pressurewass argon. Gases were stored over saturated NaCl solution.

‘Muaswoncttricdéchinigue
o milof{Baaterial culture was shaken in each 25-ml flask. Gases were introduced
‘iirto thee fRadlss after each of three evacuations to 6 cm Hg pressure, using saturated

‘WNaUlsdhittom toodisplace the gas from the containers. Oxygen uptake was measured
by cconveertional ! techiniques at 30° (see ref. 22).
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Nitrogen analysis

Nitrogen determinations were made by an ultra-micro Kjeldahl methwi®®3,
modified from a method described by Coxway2,

RESULTS

Experiment 1: Type of bacterial growth with various gas mixtures

The growth rate constant % (defined by k = -1 280202 can only the
used as a measure of the rate of nitrogen fixation under conditions where the nitregen
increase is exponential. The rate of increase of bacterial nitrogen was therefore
examined.

After the growth and centrifugation described in METHODS, the organism was
exposed to gas mixtures containing 0.03 atm. N, with and without 0.3 atm. H..
Sixteen flasks received 1 ml of Azotobacter culture each. Twelve were evacuateil.anil
filed with the experimental gases, placed in the bath, shaken for 15 min and-eguilib>-
rated. The remaining four flasks were killed at this point, to provide values for tihe
initial bacterial nitrogen. The shaken flasks, two from each gas treatmemnt, \were
removed each hour and killed immediately. After 3 h, all sixteen cultures weere
analysed for total nitrogen, and the data plotted in semi-logarithmic form. A tyghir]

—plet is shown in Fig. 1. where it is seen that a lag phase was induced in the rate &f

log {ug bacterial N)

increase of cell nitrogen at the iow pN, in the presence of H,, but not in iis absenze.
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Fig. 1. Induction of a lag phase by H, in the Fig. 2. The effect of pN, on the H :midueeil
nitrogen increase of A. vinelandii cultures at lag. Gases: c.15 atm. O,, 03 atm. i}, itk
0.03 atm N,. Gases: 0.03 atm. N,, 0.15atm. O, o.15atm.N;ando.gatm. A (O—0);0.03.atm.
with: 0.82 atm. A (O—0O): 0.3 atm. H, and N, and 0.52 atm. A (@—2p).

0.52 atm. A (@ —@).
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Experiment 2: Effect of pN, on H y-induced lag

The effect of H, on the rate of nitrogen increase in Azotobacter cultures under
both high (0.15 atm.) and low (0.03 atm, ) pN, was then tested. Fig. 2 is derived from
the results of an experiment in which it is shown that at the higher pN, the lag due
to H, did nct occur. The lag phase induced by H, at 0.03 atm. N, is again apparent.

Experiment 3: Adaptation to H,

The induction of lag by H, at lJow pN, precludes analysis of the rate constants
by the LINEWEAVER AND BURE?® method unless this lag can be overcome. To this
end a modification was introduced in the pre-experimental aeration procedure.
The diluted cultures were grown in 10-ml aliquots in two rco-ml flasks shaken for
2.5 h at 30° under a gas mixture of the following composition: N,, 0.05 atm.; O,,
.15 atm.; H,, 0.3 atm. and A, 0.5 atm. The two cultures were combined and 1-mi
aliquots were taken into the z5-ml flasks, which were then gassed with the following
mixture: N,, 0.03 atm.; O,, 6.15 atm. ; H,, 0.3 atm. and A, 0.52 atm. Four aliquots of
the initial culture were killed as in Expt. 1, and two of the shaken cultures were killed
every half hour.

Nitrogen analyses were carried out and the data plotted semilogarithmically
{Fig. 3). The plot is linear and, as could be expected from the shape of the later paris
of the curves in the low nitrogen treatments of Expts. 1 and 2, the lag phase was
overcome.
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Fig. 2. Elimination of the lag by pre-incubation of cells with H,. Gas mixtures are detailed in the
text.

Experisnent 4: Hydrogen—nitrogen interactions

Cultures were grown by aeration overnight and centrifuged as in Expt. x. From
this, two 10-ml cultures were adapted to H, at 30° for 2.5 h as in Expt. 3. These two
cultures were then mixed and sixteen 1-ml aliquots were pipetted into the 25-ml
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flasks. Twelve of these were gassed, «mth withh a: different mixture (containing O,
0.15 atm.; N,, 0.03, 0.0375, 0.0475,. 0Bizzs e85 0r 0.I6 atm. ; H,, 0 or 0.3 atm. ang
A, to 1 atm.), and shaken for 35:mintogeemnit equilibration. The four remaining flasks
were killed at this time and andlyset Huoear with: the rest to give the initial bacterial
nitrogen. The 12 shaken cultures werelkiilietlafter3 i growth, and analysed for nitrogen.
The rate constant, %, was calculated ffrim thie nitrogen data assuming exponential
increase.

The resuits from six such experbmars were graphed (see Fig. 4) by the Linz-
WEAVER AND BURK method?3, where tth. meaiproeal of the rate constant % is plotted
against the reciprocal of the substrate conpentzation (pN,).

The inhibition by hydrogen #s sigmifnart (pless than o.oo1), while the slopes of
the “pius hydrogen” and ‘“‘no hvdreged” lines do not differ significantly. In none
of the six individual experiments werertieegairs of lines such as to suggest competitive
inhibition, despite the high varidbilityititerent in: the system. These results therefore
indicate that H, is not a competifiveimitibitor of N, fixation in A. vinelandii.

Oxygen uptake and cell nitrogen

The rates of increase of oxvgenmyptdia -didinot always appear to parallel those of
nitrogen content, both with respect oo g, and to the presence or absence of H,.
As a test of the validity of these dbsematiomns,; (94.{N} values were calculated from the
oxygen uptakes for the last hour af tthe experiment and the final nitrogen content.

c o 2c 30 40
=1

Fig. 4. LINEWEAVER--BURK double-reciproatipiurof velocity constant of nitrogen increase against
gaseous nitrogen pressure: @ —@ . in ‘the grssmee of 0.3 atm. H, (equatirn: 1/k = 3.177 +
0.0408 x 1/pN,): O—0O, in the absence 31 H, ecquation: 1/k = 2.097 + 0.0364 « 1/pN,).

Statistical analysis of the data for tile six: experiments of Fig. 4 showed that the
Qo. (N) was significantly higher  {(plksssttiamo.02) under H, than in its absence, and
that the pN, also affected the Qo./(N) ({plbssthiam 0.05). Such results are not in accord
with the usual assumption that ‘oxvgen uptnlie is a linear function of cell uitrogen,
and emphasize the need for direct mueasuzament: of nitrogen fixation.
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DISCUSSION

The differences between our results and previous findings are probably due te differ-
ences in technique. Earlier workers®® have used the following methods for studies of
H, inhibition of N, fixation by Azotobacter: (a) macro-nitrogen experiments on large
volumes of either shaken or still cultures; (b) micro-respiration experiments on
smaller (25-30 ml) volumes of either shaken or still cultures; {(c) micro-respiration
experiments in which oxygen uptake is assumed to be closely and consistently
correlated with the nitrogen content of the cells.

Ir all these experiments it was assumed that H, did not cause deviations from
exponential growth (or nitrogen fixation).

Techniques (a) and (b) have the serious disadvantage that there is inadequate
control of the oxygen concentration in solution. Oxygen has been implicated as an
active and competitive inhibitor of nitrogen fixation in Azotobacter, with which it was
found that great care was needed if oxygen demand from the cells were not to exceed
the dissolved oxygen 'supply'®. If standard cultures are incubated under different
partial pressures of nitrogen those cultures under the highest pN, will grow fastest
and the greatest oxygen demands will be made by them. If oxygen diffusion becomes
limiting, the pN, functions will become distorted, since the cultures under the highest
PN, will be fixing nitrogen at lower concentrations of dissolved O, than those given
less nitrogen gas. Under these conditions the true efiect of H, on N, fixation would not
be apparent.

The assumption that oxygen uptake is a constant function of cell nitrogen under
all conditions is not supported by our results since (a) Qo, (N) was altered signifi-
cantly in the presence of H, (b) Qo, (N) changed with pN, in the presence or absence
of hydrogen.

Finally, there is the evidence presented here in Figs. 1 and 2 that H, can induce
a lag phase in Azotobacter cultures at low pN, but not at high pN,. The reasca for
this effect at low pN,, which seems to resemble the well-known tendency for cultures
to lag in poor media, is unknown. The slopes of the curves in Figs. 1 and 2 with H,
and low pN, show that the organism does adapt to H, after a period of -2 h, and this
conclusion is supported by the data of Fig. 3.

Should the LiNEWEAVER AND BURK plot be used with rate constants which hide
a differential lag of the type shown in Expt. 2, there would be a strong tendency
towards a competitive plot. At low pN, nitrogen f:xation would be unduiy depressed
by H, and, were the resultant rate constants plotted as reciprocals, the line would be
tilted upward at the distal end.

With cultures adapted to H, and under conditions such that nitrogen increase
was exponential, our results do not show a competitive relationship between H, and
N, in the process of nitrogen fixation.
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