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I. INTRODUCTION 

Early investigation of biological nitrogen fixation furnished results that 
strongly suggested interference with the process by combined forms of 
nitrogen, such as ammonia or nitrates. Historically then, these may be 
regarded as the first observed specific inhibitors, but it should be recog
nized that unequivocal data with these substances, especially data con
cerned with the quantitative aspects, were not obtained until the tracer 
N 1 5 became available. Since, in the meantime, several gases had been 
shown to be important inhibitors, our discussion will begin with them. 

II. MOLECULAR GASES AS INHIBITORS 
A. Hydrogen 

While studying the effect of the physicochemical environment on red 
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clover plants inoculated with an effective strain of Rhizobium trifolii, 
workers at the University of Wisconsin established that molecular hydro
gen acted as a specific competitive inhibitor of nitrogen fixation by this 
symbiotic system. Wilson (1-3) has furnished complete and detailed dis
cussions of this early research. Specific is used here in the sense that the 
criteria proposed by Burk (4) were met, although Wilson (2) later sug
gested that insistence on rigid application of these criteria might be not 
only too limiting but also illogical. The criteria are: 
( 1 ) Comparative studies should include cultures growing, and likewise 

previously grown, in free and fixed nitrogen. 
( 2 ) Different forms of combined nitrogen should be used, such as nitrate 

(oxidized), ammonia (reduced), asparagine (organic). 
( 3 ) Differences obtained with free and fixed nitrogen should be inter

preted with due allowance for unspecific effects caused by differences 
in rates and amounts of growth. 

( 4 ) N 2 at times should be replaced with an inert gas to demonstrate its 
true necessity in relation to some process claimed to be specific. 

At first, it appeared that this inhibition was uniquely associated with 
the symbiotic system (and possibly only with that in red clover), but in 
1 9 4 1 Wyss and Wilson (5) extended the observations to Azotobacter. 
This discovery had far-reaching effects; now studies could be readily and 
rapidly made in the laboratory, whereas with the symbiotic system time-
consuming, laborious greenhouse experiments had been necessary. Soon 
these studies included some made with cell-free enzyme preparations 
(hydrogenase), constituting a great advance in the technique. Of the 
many investigations that have been made during the past 2 0 years, two 
types will be discussed here: (a) those dealing with the comparative bio
chemistry of the inhibition, i.e., its occurrence among the agents known 
to fix nitrogen, together with an analogous reaction, the inhibition of 
hydrogen evolution by molecular nitrogen and (b) the biochemical basis 
of the inhibition. 

1. OCCURRENCE OF H 2 I N H I B I T I O N I N V A R I O U S A G E N T S OF N 2 F I X A T I O N 

Burris and Wilson (6) obtained evidence that nitrogen fixation by the 
blue-green alga, Nostoc muscorum, could be inhibited by H 2 , but the effect 
appeared to be less definite than that observed with species of Azotobacter 
and with the red clover system. This difference undoubtedly was due to 
the slow rate and extent of fixation by the alga. For this reason criterion 
3 must be considered in interpreting the results. However, this limita
tion was overcome in part by use of N 1 5 as a tracer, thus allowing for 
relatively short-time experiments. Thus, as early as 1 9 4 6 , it had been 
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demonstrated that nitrogen fixation by representatives of all the aerobic 
agents known at that time was competitively inhibited by molecular hy
drogen. Attempts to extend the findings to the anaerobic fixer Clostridium 
pasteurianum were unsuccessful when rates as well as extent of fixation 
were considered ( 7 ) . This result did not appear to be surprising, since the 
organism produces H 2 in its fermentation of carbohydrates, and it would 
appear to be a metabolic error for it to form a product that would inhibit 
a function seemingly so advantageous as nitrogen fixation. This reasoning 
appeared to be confirmed when Gest et al. (8) could detect no hydrogen 
inhibition of nitrogen fixation by the photosynthetic nitrogen fixer, 
Rhodospirillum rubrum. 

In 1957, however, Hiai et al. (9) reported inhibition by hydrogen of 
nitrogen fixation in an anaerobe isolated from a soil in Japan. Although 
originally this organism was believed to be a species of Clostridium, Hino 
and Wilson (10) concluded that it probably was Bacillus polymyxa, a 
view supported by the survey made by Grau and Wilson (11). Pengra and 
Wilson (12) extended this important observation to another facultative 
anaerobe, Aerobacter aerogenes. Recently, Pratt and Frenkel (IS), using 
a sensitive recording mass spectrographic technique, readily demonstrated 
hydrogen inhibition of nitrogen fixation by R. rubrum. Meanwhile, Shug 
et al. (14) obtained spectroscopic evidence of competition between H 2 

and N 2 in an enzyme preparation from C. pasteurianum. 
The results of these various investigations suggested that another look 

at the Clostridia was in order. Westlake and Wilson (15) found that 
inhibition of nitrogen fixation by hydrogen in the strain previously used 
by Rosenblum and Wilson (7) could be detected when relatively high 
partial pressures of hydrogen were used. The observed value of i £ H 2 was 
considerably higher than those noted in the other systems (red clover, 
Azotobacter vinelandii, B. polymyxa). Nevertheless, when careful control 
was exerted, inhibition could be observed in experiments in which either 
total nitrogen or the isotopic tracer was used as the measure of fixation. 
Also, Goerz and Pengra (16) report definite inhibition by H 2 of nitrogen 
fixation by Achromobacter sp. which even anaerobically does not evolve 
this gas. 

2. E F F E C T OF N 2 O N H 2 E V O L U T I O N 

From the point of view of the mechanism of H 2 inhibition of nitrogen 
fixation it is important to determine the existence of the "reverse" re
action, i.e., the effect of N 2 on enzyme systems involving H 2 . During the 
more than 20 years that we have studied hydrogenase activity in cell-free 
preparations of Azotobacter, this point has been repeatedly investigated. 
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Although some evidence of inhibition has been obtained occasionally, it 
has been neither impressive nor consistent. As will be discussed later, 
technical errors may account for the occasional positive results obtained. 
Likewise, the data of Stadtman and Barker (17) suggest that N 2 does not 
affect hydrogenase in the anaerobic nitrogen fixer, Clostridium kluyveri. 

Mortenson and Wilson (18) investigated the effect of N 2 on a reaction 
carried out by C. pasteurianum—the so-called phosphorclastic split of 
pyruvate with the liberation of H 2 and C 0 2 . Evolution of H 2 was the 
same when helium, argon, or nitrogen was used as the inert gas, but 
hydrogen inhibited, as had been previously observed by Kubowitz with 
Clostridium butyricum (19). However, photoevolution of H 2 by the 
photosynthetic nitrogen fixers R. rubrum and Chromatium sp. can be sup
pressed by molecular nitrogen (20, 21). Hoch et al. (22) observed a more 
complicated relationship between the two gases in the excised nodules of 
the soybean; N 2 inhibited H 2 evolution but stimulated the exchange re
action (see next section). 

Hino (23) reported an inhibition by nitrogen of hydrogen production 
from glucose by washed cells of B. polymyxa) no inhibition occurred with 
pyruvate or formate as substrates. To date, attempts to repeat these 
observations in our own laboratory have been unsuccessful. Hydrogen 
evolution by washed cells metabolizing mannitol, glucose, pyruvate, or 
formate was the same under helium as under nitrogen. The inhibition 
reported by Hino seems to be associated with a lag phase before hydrogen 
evolution becomes maximal. This lag may be a recovery from an oxygen 
poisoning occurring during cell washing. In our experiments this lag has 
been much shorter—only a few minutes. For example, Hino (23, fig. 7) 
obtains only about 50 μ\ hydrogen evolved after 60 minutes; under the 
same conditions we observed 4-5 times this quantity. When the gases were 
not further purified, N 2 often showed a slightly longer lag period than did 
helium. However, on sparging through chromous chloride, hydrogen evolu
tion under nitrogen and under helium did not differ. B y using growing 
cultures rather than washed cells the influence of oxygen might be lessened 
and the effect of nitrogen observed more easily, but again, in our hands, 
nitrogen did not inhibit hydrogen evolution. 

Another example of a technical error that can mislead was obtained by 
our studies in which evolution of H 2 was followed in a mass spectrometer. 
A measured volume of growing cells was shaken under various gas mix
tures of helium and nitrogen; gas samples were taken at hourly intervals 
and examined in the mass spectrometer. Cultures of B. polymyxa, grown 
on N 2 and ammonia, C. pasteurianum and A. aerogenes, grown on N 2 , and 
Escherichia coli, grown on glucose-peptone-beef extract, were examined by 
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this technique. In all organisms, the rate of hydrogen and carbon dioxide 
evolution was decreased by nitrogen; a p N 2 of one atmosphere inhibited 
about 50%. However, when these experiments were repeated using a 
manometric technique, no inhibition of hydrogen evolution could be 
detected. It was then established that the apparent inhibition obtained 
in the mass spectrometer arose from an effect of nitrogen or helium on 
the peak heights of hydrogen and carbon dioxide. 

3. M E C H A N I S M OF H 2 I N H I B I T I O N 

Two explanations of the action of H 2 on nitrogen fixation, one purely 
physical, the second physiological, have been experimentally examined. 
If H 2 and N 2 compete physically for a site on an enzyme surface asso
ciated with the fixation reaction, then the ratio of the dissociation con
stants ΚΉ2/ΚΝ2ί should approximate that of the corresponding van der 
Waals' constants a. This was found to be true, both being equal to 5.5 
{24). However, this purely physico chemical explanation does not appear 
to be sufficient, since an examination of other gases with appropriate a 
constants reveals no activity {25). 

A hypothesis that has been more experimentally fruitful is that nitro-
genase and hydrogenase, the specific enzymes for activation of molecular 
nitrogen and hydrogen, respectively, are related. Considerable evidence 
has been reported in favor of this view: 

1. Species of the strictly aerobic Azotobacter contain a powerful hydro
genase, although normally it does not evolve or utilize H 2 in its metab
olism. 

2. The level of hydrogenase in species of Azotobacter is consistently 
higher when the organism is grown on N 2 than when grown on combined 
types, such as ammonia or nitrate, even in the presence of H 2 . Hydro
genase thus appears to be a quantitatively inducible enzyme which 
responds to the presence of N 2 rather than H 2 . However, even in the 
absence of N 2 some hydrogenase appears. 

3. Mutants of Azotobacter unable to fix nitrogen ("N 2-less") have a 
lowered content of hydrogenase. 

4. The following agents of fixation are known to contain a hydrogenase: 
Azotobacter spp., Clostridium spp., A. aerogenes, B. polymyxa, Methano-
bacterium omelianskii, Desulfovibrio desulfuricanSj and all the photosyn
thetic bacteria. Its presence in the nitrogen-fixing blue-green algae is 
obscure, but at least some blue-green species are known to have the 
enzyme (26). 

5. As has been discussed, N 2 inhibits the activity of hydrogenase in 
some, though not all, agents of fixation. 
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A thorough discussion of the experimental bases for these conclusions 
can be found in the reviews of Gest (27) and Wilson (28). Although the 
supporting evidence is impressive, certain reservations must be admitted. 
Certainly, the relationship is not complete, since many organisms possess
ing hydrogenase apparently cannot fix N 2 (29); also, the mineral require
ments for functioning of the two enzyme systems appear to differ (30). 

I t is not clear that all organisms that do fix nitrogen possess hydro
genase. Inability to demonstrate the enzyme, however, is not always 
convincing, since the various methods for its assay do not give concordant 
results. No one method has been demonstrated to be completely reliable, 
although the physical methods—the exchange reaction between D 2 and H 2 

and that involving the ortho-para interconversion of H 2 —would appear 
to be least subject to error. Surprisingly, these do not always indicate the 
maximum activity in a specific organism (81, 32). 

The oustanding example of the limitations imposed by the methodology 
is that of the symbiotic system. Although hydrogen inhibits fixation by 
the intact red clover plant (1) as well as by excised nodules from the 
soybean (33), attempts to demonstrate a hydrogenase in either the free, 
living cultures of the root nodule bacteria or in nodular preparations met 
with failure. Hamilton et al. (34) obtained spectroscopic evidence for a 
hydrogenase in preparations from the soybean nodules, a demonstration 
that was soon confirmed by Hoch et al. (85), who obtained under appro
priate conditions evolution of H 2 from such preparations. 

Finally, it should be emphasized that hydrogenase and nitrogenase may 
be associated in some but not in all agents of fixation. In view of the 
diversity in the physiological properties of the many organisms now 
known to fix nitrogen, it would be surprising if precisely the same enzymic 
patterns were found in all. 

B. Carbon Monoxide 

Unlike hydrogen, which is qualitatively a specific inhibitor of biological 
nitrogen fixation, inhibition by carbon monoxide is specific in a quantita
tive sense only. Low concentrations of carbon monoxide ( 0 . 0 1 - 1 % ) , 
which inhibit nitrogen fixation, have virtually no effect on the utilization 
of combined forms of nitrogen; higher concentrations, however, inhibit the 
utilization of both free and combined nitrogen. 

1. I N H I B I T I O N I N V A R I O U S A G E N T S 

a. Symbiotic Systems. Lind and Wilson (36) demonstrated inhibition of 
nitrogen fixation in red clover with as little as 0 . 0 1 % of carbon monoxide; 
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almost complete inhibition was obtained with 0.05%. Uptake of ammonium 
nitrate was unaffected by these levels of carbon monoxide; but when the 
CO concentration was raised to 0.05-2%, small decreases in the rate of 
uptake of the combined nitrogen were observed. However, 2% carbon 
monoxide gave only a 25% decrease in the specific rate constant for the 
assimilation of ammonium nitrate, whereas 68% inhibition of nitrogen 
fixation was obtained with 0.05% CO. 

More recently, Bond (87) has shown that the symbiotic nitrogen fixa
tion systems in excised nodules from the nonlegumes, Alnus and Mynca, 
are inhibited by both hydrogen and carbon monoxide. The observed sensi
tivity of these systems to the inhibitors was of the same order as that of 
legume nitrogen fixation. Nodules from Casuarina behaved similarly to
wards hydrogen, but the effect of carbon monoxide on nitrogen fixation 
by this plant was not reported. Although the microbial partner in these 
nonlegume symbioses has yet to be identified, the essential biochemical 
similarity between the nitrogen fixation processes in legume and non-
legume nodules is stressed by similarities in behavior toward inhibitors 
and also by the recent demonstration of Davenport (38) that hemoglobin 
is also present in nonlegume nodules. 

b. Free-Living Aerobic Organisms. Lind and Wilson (89) extended their 
studies to the nitrogen-fixing system of the free-living Azotobacter. This 
organism was more suitable for obtaining precise, detailed information 
on the nature of the carbon monoxide inhibition, since much greater con
trol of the experimental conditions was possible and the experiments could 
be completed within a few hours, as compared with the months required 
in some of the red clover experiments. They observed inhibition of nitro
gen fixation in A. vinelandii with 0.2% carbon monoxide; 0.6% seemed 
to be about the critical level of the inhibitor, since this concentration 
almost completely suppressed fixation of nitrogen but had little effect 
on the assimilation of ammonium nitrogen. Although the pCO necessary 
to inhibit nitrogen fixation by A. vinelandii is about ten times that effec
tive with the symbiotic system, the responses of the two types of biological 
nitrogen fixation are parallel. Likewise, Burris and Wilson (6) found that 
the response of nitrogen fixation by N. muscorum to carbon monoxide is 
essentially the same as those observed with red clover and A. vinelandii] 
however, the levels that inhibit assimilation of N 2 but not combined 
nitrogen, are intermediate between the effective levels of the red clover 
and Azotobacter systems. 

Investigating the sensitivity of the anaerobic nitrogen-fixing system of 
C. pasteurianum towards carbon monoxide, Virtanen et al. (40) reported 
about 80% inhibition of nitrogen fixation by 0.3% CO; this level had no 
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appreciable effect on the uptake of ammonium nitrogen. Hino (41) noted 
that anaerobic fixation of nitrogen by an organism later identified as 
B. polymyxa was appreciably inhibited by 0 . 1 % CO and almost com
pletely inhibited by 1 % CO; 5 0 % inhibition was observed with 0 . 3 - 0 . 7 % 
carbon monoxide, which is similar to the values reported by Lind and 
Wilson (89) for aerobic nitrogen fixation by Azotobacter. Uptake of 
ammonium nitrogen by the Bacillus was also inhibited but to a lesser 
extent, 5 0 - 6 0 % inhibition obtaining in 1 % CO. The inhibition of ammo
nium uptake was not further increased above this level, even in 1 0 0 % CO. 

2 . M E C H A N I S M OF CO I N H I B I T I O N OF N I T R O G E N F I X A T I O N 

The type of inhibition which carbon monoxide exerts on nitrogen fixa
tion has been investigated in red clover and in Azotobacter. Since carbon 
monoxide is an isostere of nitrogen, the inhibition might be regarded as a 
consequence of the competition between these two gases for adsorption 
on the surface of the responsible enzyme. Lind and Wilson (86) concluded 
from their studies with red clover plants that the inhibition by carbon 
monoxide is noncompetitive. More detailed studies were carried out by 
Ebersole et al. (4*), who used the microrespiration method to investigate 
the nature of the CO inhibition of nitrogen fixation in Azotobacter. The 
results of over 4 0 experiments, in which both the p N 2 and the pCO were 
varied, were subjected to the appropriate mathematical analysis. When 
1/k (k, the specific rate constant for nitrogen fixation) was plotted against 
l / p N 2 , both the slope and the y intercept increased with the concentration 
of inhibitor, in agreement with the theory of noncompetitive inhibition. 
The slope, however, increased somewhat more than did the intercept, as 
was shown by the small but consistent rise in the K^2, suggesting a small 
amount of competitive inhibition. Consideration of all the data leads to 
the conclusion that the carbon monoxide inhibition of biological nitrogen 
fixation is primarily noncompetitive, but that there is also an element of 
competitive inhibition. 

Obviously, any discussion of carbon monoxide inhibition of nitrogen 
fixation should consider the possible role of hemoglobin in the symbiotic 
system. Virtanen et al. (48) have shown that a close correlation exists 
between the nitrogen-fixing capacity of a plant and the hemoglobin con
centration in its root nodules. The high sensitivity of the symbiotic nitro
gen fixation system towards carbon monoxide is in keeping with the high 
affinity of hemoglobin for carbon monoxide. Although substantial evidence 
is available that hemoglobin participates in some way in nitrogen fixation 
in root nodules, there is disagreement regarding its precise role. Burris 
and Wilson (44) suggested that hemoglobin may aid in oxygen transport 
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within the nodule and thus enhance nitrogen fixation by increasing the 
respiratory activity. Smith (45) rejected this proposal when he found that 
concentrations of carbon monoxide which completely inhibited nitrogen 
fixation and which were sufficient to convert all the pigment to CO-
hemoglobin did not affect the respiratory activity of the whole nodules. 
Spectrographic observations (46, 4?) of preparations from soybean 
nodules under various gases have led Bergersen (48) to propose a mecha
nism for symbiotic nitrogen fixation in which hemoglobin functions as an 
intermediary electron carrier in the coupling of nodule respiration to 
nitrogen fixation. The hemoglobin is reduced by reduced cytochrome and 
then becomes reoxidized during the reduction of nitrogen in the fixation 
process. 

The absence of hemoglobin from the cells of the free-living nitrogen 
fixers, Azotobacter, Clostridium, and Nostoc, may be related to th'e lower 
sensitivity toward carbon monoxide of the nitrogen-fixing systems in these 
agents. The function of hemoglobin in the nodules may be replaced in 
these by some other compound which has a lower affinity for carbon 
monoxide. 

C. Oxygen 

Burk (49) made the first quantitative investigation of the effect of 0 2 

on biological nitrogen fixation. He found that growth of the Azotobacter 
was maximal at 2 -4% oxygen and decreased with both higher and lower 
partial pressures. Since this effect of 0 2 was independent of the source of 
nitrogen, he concluded that the oxygen pressure function furnished no 
clues regarding the nature of the chemical mechanism of nitrogen fixation. 
In a similar study, Wilson and Fred (50) showed that neither fixation of 
free nitrogen nor assimilation of combined nitrogen by red clover plants 
is significantly affected by changes in the p 0 2 between 0.05 and 0.4 
atmospheres. On either side of this plateau in the p 0 2 function the uptake 
of either free or combined nitrogen declined rapidly with changes in the 
oxygen pressure. These studies likewise gave no support for the suggestion 
that oxygen may play a direct role in the symbiotic nitrogen fixation 
process. More recently, Burris et al. (51) demonstrated that no significant 
incorporation of N 2

1 5 by slices of excised soybean nodules occurs at partial 
pressures of oxygen below 0.05 atmosphere. Fixation increased with in
creasing p 0 2 until a maximum was reached at about 0.5 atmosphere. 
Above 0.65 atmosphere, oxygen became increasingly inhibitory. As might 
be expected, oxygen also inhibits the nitrogen fixation process in the 
anaerobic nitrogen fixers. Pratt and Frenkel (13) found that 4% oxygen 
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completely inhibits nitrogen fixation by R. rubrum, and Hino and Wilson 
(10) reported that nitrogen fixation by B. polymyxa is significantly re
duced by 1% oxygen. 

In spite of the earlier negative conclusion of Burk (49), Parker (52) 
has reinvestigated the possibility of a specific oxygen inhibition of nitro
gen fixation by A. vinelandii. Parker and Scutt (53) measured the growth 
of this organism with N 2 as the sole source of nitrogen under oxygen 
concentrations of 10, 20, and 30%, and under nitrogen concentrations of 
2, 4, 8, and 16%. B y assuming that the growth of the Azotobacter was 
exponential throughout their experiments and that nitrogen fixation was 
the limiting rate reaction, they calculated the velocity constant fc, the 
specific rate constant of nitrogen fixation. When 1/k was plotted against 
l / p N 2 at 10% and at 20% oxygen, the resulting two lines had different 
slopes but essentially the same intercept on the vertical axis, indicating a 
competitive inhibition by oxygen. The Michaelis constants were 0.0107 
atmospheres N 2 at 10% oxygen and 0.0229 at 20% oxygen. Higher oxygen 
tensions had, in addition to the specific effect on nitrogen fixation, a 
general effect on growth. At about 30% 0 2 , some mechanism other than 
nitrogen fixation was inhibited sufficiently to become a limiting factor for 
growth, and this nonspecific effect masked the competitive inhibition of 
nitrogen fixation by 0 2 . On the basis of these results, Parker and Scutt 
suggested that nitrogen fixation can be regarded as a form of respiration 
and that oxygen and nitrogen compete as alternative respiratory ac
ceptors. 

It should be noted that the effect of oxygen on biological nitrogen fixa
tion may be only another aspect of the relationship of hydrogenase and 
nitrogenase. Hydrogenase activity in all organisms investigated is more 
or less sensitive to 0 2 , independent of their ability to fix nitrogen. If 
hydrogenase and nitrogenase are closely associated, the somewhat equivo
cal experimental results reported concerning the inhibition by oxygen may 
reflect an indirect effect. 

D. Nitrous Oxide 

Although the hypothesis being tested by Molnar et al. (25) failed to be 
substantiated, this research did provide an important positive finding— 
nitrous oxide was shown to be a specific inhibitor for nitrogen fixation 
by A. vinelandii. Since this compound is the anhydride of hyponitrous 
acid, an often-proposed intermediate, this result assumed particular 
significance. Following the initial discovery, Repaske and Wilson (54) 
demonstrated that the inhibition was competitive, a result confirmed in-
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dependently by Wilson and Roberts (55, 56). Virtanen and Lundbom (57) 
extended the observations to the anaerobe C. butyncum (C. pasteuri-
anum), and Hino (41) to the facultative aerobe later shown to be 
B. polymyxa. 

The fact of inhibition is well established, but two important aspects 
have been subjects of dispute. Although all workers agree that uptake 
of ammonium nitrogen is unaffected by N 2 0 , Virtanen and Lundbom 
(57) in their long-term growth experiments with both A. vinelandii and 
C. butyncum reported an inhibition of the assimilation of nitrate nitrogen 
similar to that noted with N 2 . Because of the implication of this result for 
the chemical mechanism, a joint experiment was made by Virtanen, 
Burris, and their co-workers (58) in which a short-time manometric 
technique was used—a method that enables the estimation of rates, as 
well as final total uptake, of different forms of nitrogen. In these trials 
with A. vinelandii no inhibition of assimilation of nitrate nitrogen by 
N 2 0 was observed. This result was confirmed using the tracer N 1 5 ; again, 
rate as well as total assimilation was measured. Lundbom (59) later 
published what might be regarded as a minority report in which con
firmation of the earlier inhibition was claimed. No explanation for the 
difference between the short-time and long-term experiments was offered. 
In general, as has been discussed elsewhere (2, 4, 28, 60), the short-time 
trial in which rate of reaction is measured is to be preferred for study of 
biochemical mechanisms including the action of inhibitors. 

A second point at issue, significant for the chemical mechanism, is 
whether nitrogen-fixing agents can use N 2 0 as a source of nitrogen. In 
total nitrogen macroexperiments Lind and Wilson (39) could detect no 
uptake. Employing the more sensitive manometric technique, Wilson and 
Roberts (56) reached a similar conclusion. This result was verified in 
experiments in which cells of Azotobacter were labeled with N 1 5 and then 
exposed to unlabeled N 2 0 . Mozen and Burris (61, 62), however, did detect 
a small but consistent uptake by this organism as well as by sliced soy
bean nodules when labeled N 2 0 was supplied. Assimilation of N 2 0 by 
A. vinelandii was inhibited both by N 2 and H 2 (62). The explanation, 
at least with the nodules, may be that the N 2 0 is first converted to N 2 ; 
interestingly, also, N 2 0 as well as N 2 inhibits evolution of H 2 by the 
nodules (22). 

Finally, mention should be made of the limited information on hyponi-
trite itself. From their studies of the influence of this compound on respi
ration and nitrogen fixation in A. vinelandii, Chaudhary et al. (63) 
concluded that hyponitrous acid is an irreversible noncompetitive inhibi
tor, which is not specific for fixation. Since it was not utilized by the 
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III. COMBINED NITROGEN COMPOUNDS AS INHIBITORS 

A. Ammonia a n d Nitrate 

As was previously mentioned, early workers postulated that little or no 
assimilation of molecular nitrogen occurred either symbiotically or asym-
biotically in the presence of combined inorganic nitrogen; there was less 
certainty regarding organic forms (for reviews of early work see 1, 67). 
Because of their agronomic importance, most of the early studies were 
primarily concerned with the effects of ammonium and nitrate. Later, the 
interest in this question shifted to the significance of the results for the 
chemical mechanism (2, 28). 

Burk and Lineweaver (68) in 1930 made an estimate of the quantita
tive aspects of inhibition of nitrogen fixation in Azotobacter by N H 4 + 
and N 0 3 ~ . They emphasized the obvious technical limitations of the 
early studies; with the improved methodolgy afforded by short-time trials 
in the microrespirometer, they constructed a curve which indicated that 
5-10 ppm of either ion would inhibit completely nitrogen fixation by this 
organism. Wilson and co-workers (69, 70) introduced the use of an 
isotopic tracer, which greatly improved the reliability of the results but 
led to essentially the same conclusion with regard to ammonia. Nitrate 
(or nitrite), however, in reasonably high concentrations (50-100 ppm) 
was much less effective. Inhibition by urea was practically the same as 
with ammonia; asparagine was only partially inhibitory; aspartate and 

Azotobacter, they rejected the view that it is a direct intermediate in the 
assimilation of N 2 . 

E. Nitric Oxide 

Mozen (64) found that 0.1-1% nitric oxide completely blocked nitrogen 
fixation by C. pasteurianum. This inhibition was not specific for nitrogen 
fixation, since the same level of the inhibitor prevented growth of the 
organisms on ammonia. Burris (62) has suggested, however, that nitric 
oxide should be studied further at even lower concentrations than 0.1%, 
to discover whether a level can be reached at which it will exhibit a 
specific inhibition of nitrogen fixation, since like carbon monoxide it has a 
high affinity for hemoglobin (65) and is a powerful inhibitor of hydro
genase (66). 
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glutamate were without effect. They concluded that inhibition by a source 
of combined nitrogen depended on the readiness of its conversion to am
monia. Zelitch (71) found that ammonia inhibition of the assimilation 
of N 2 by C. pasteurianum, although marked, was incomplete even with 
20 pprn combined nitrogen. The isotopic inhibition experiments thus pro
vided initial support for the view that ammonia was the key intermediate 
in biological nitrogen fixation (for discussion of this aspect, see 62, 70). 

B. Nitrite 

Although nitrite has long been regarded as the initial reduction product 
of nitrate, little attention has been directed toward a possible specific 
action of this ion, except to note its toxicity in rather low concentrations 
in comparison with its precursor (60, 72). More recently, Azim and Saraf 
(73) have provided evidence that nitrite is indeed an intermediate in 
reduction of nitrate by A. vinelandii, and Azim and Roberts (74) demon
strated that, at concentrations above 10~"4 M, nitrite inhibited both 
respiration and nitrogen fixation. Lower concentrations had virtually no 
effect on the rate of respiration but markedly stimulated nitrogen fixation. 
In these experiments, in which the total fixation after 4 hours was deter
mined, the lower the concentration of nitrite (down to 1 0 ~ 7 M) the higher 
the stimulation of nitrogen fixation. In a more detailed study of the 
inhibition by Ι Ο - 5 Μ nitrite, Roberts (75) showed that during the first 
half hour, during which the cells utilized the nitrite, nitrogen fixation was 
inhibited. After 30 minutes, however, no nitrite was left in the medium; 
and at the end of 4 hours, the fixation of nitrogen had been stimulated 
40% in comparison with the controls which had not been supplied with 
nitrite. This stimulation resembles that observed by Green and Wilson 
( 7 # ) , who found that the hydrogenase activity of A. vinelandii supplied 
with ammonia or nitrate was lower than that in nitrogen-fixing cultures. 
However, when the supply of combined nitrogen was exhausted and these 
cultures began fixing nitrogen, the hydrogenase activity was stimulated to 
a level well above that in cultures which had been fixing nitrogen through
out. These results provide another example of the parallelism that has 
been noted on several occasions between the activities of hydrogenase and 
nitrogenase in nitrogen-fixing organisms. 

C. Hydroxylamine 

Hydroxylamine is of interest as a possible inhibitor of nitrogen fixation, 
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since it, too, has often been postulated to be an intermediate in the fixa
tion process (1, 2, 28). Several workers (77-79) have studied the effect of 
this compound on the growth of A. vinelandii) the data suggest that 
A. vinelandii cannot utilize hydroxylamine, nor is it a specific inhibitor. 
From these results, together with those from an investigation of the 
exchange reaction between N 2 and N H 2 O H , Pethica et al. (80) rejected 
the suggestion that nitrogen fixation in legumes can occur by a reversal 
of the reaction between N H 2 O H and hemoglobin (for further discussion 
of this point see ref. 81). 

D. Hydrazine 

Bach's (82) proposal that hydrazine rather than hydroxylamine is a 
more likely intermediate in biological nitrogen fixation has led to renewed 
interest in its role as an inhibitor. For some time it had been regarded 
merely as a nonspecific toxic reagent (88). More recently, Azim and 
Roberts (84) have shown that at hydrazine concentrations below 
2 Χ Ι Ο - 5 M, nitrogen fixation was stimulated, although some inhibition 
of respiration occurred. However, at higher concentrations which com
pletely suppressed nitrogen fixation, only 40% inhibition of respiration 
was obtained. These results suggest that nitrogen fixation is not entirely 
governed by the respiratory rate. The Azotobacter cells were apparently 
unable to utilize the hydrazine as a source of nitrogen, and Roberts (75) 
has reported that the disappearance of hydrazine from the culture medium 
is due to its sequestration by some compound produced by the bacterium. 
After removal of the bacterial cells from the culture medium by centrifu-
gation, almost 100% of the hydrazine could be recovered from the super
natant liquid following acid hydrolysis. The sequestrating agent has still 
to be identified, though it is not pyruvate or α-ketoglutarate. 

IV. METABOLIC INHIBITORS 

Initial studies on the mechanism of biological nitrogen fixation in the 
early 1930's included examination of many of the common metabolic 
inhibitors (60, 85). Among these were KCN, NaF, N a N 3 , H 2 S, KC10 3 , 
SnCl 2, oxalate, iodoacetate, sulfite, benzoate, urethan, selenate, and 
toluene. Since almost without exception no specific influence on assimila
tion of N 2 was detected, this approach was discontinued. In recent years, 
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with a better understanding of their mode of action and with the availa
bility of new inhibitors, interest has been revived. 

Hino (41) has reported that cyanide, azide, monoiodoacetate, p-chloro-
mercuribenzoate, and o-phenanthroline were powerful inhibitors of a 
clostridial nitrogen-fixing system, although this inhibition was apparently 
nonspecific. A more detailed investigation has been carried out by Rake-
straw and Roberts (86), who compared azide inhibition of nitrogen fixa
tion by A. vinelandii with that of cyanate and nitrous oxide. Azide was 
found to be a specific, reversible inhibitor of nitrogen fixation, and is 
apparently not utilized by the organism—a type of inhibition qualita
tively similar to that of nitrous oxide. Quantitatively, however, azide is a 
much more powerful inhibitor of nitrogen fixation than nitrous oxide and 
is, of course, a well-known general inhibitor of metal-enzyme systems. In 
contrast, cyanate, which has similar physical properties to those of azide, 
i.e., similar bond lengths, molecular shape, and electron distribution, is a 
weak, nonspecific, noncompetitive, irreversible inhibitor of nitrogen fixa
tion. From these great differences of behavior among such physically 
similar molecules as nitrous oxide, azide, and cyanate, Rakestraw and 
Roberts point out the dangers of postulating similar biological activity 
from purely structural and dimensional similarities of compounds. Fur
thermore, they suggest that the view that the inhibition of nitrogen fixa
tion by these compounds is due to their physical similarity to the nitrogen 
molecule should be reconsidered. 

Carnahan et al. (87) have searched for further examples of selective 
inhibitors of nitrogen fixation with the purpose of using them to identify 
substances involved in the fixation process. The compounds were tested 
for specific action on nitrogen fixation by comparing their relative growth-
restricting effects on parallel cultures of C. pasteurianum growing on 
nitrogen gas and on ammonia. Compounds which restricted growth in 
nitrogen-fixing cultures but not in ammonia-assimilating cultures were 
tentatively accepted as specific inhibitors of nitrogen fixation. Six such 
specific compounds were found. They are lipoic acid, 3-(6-carboxyhexyl)-
1,2-dithiolane, dihydrolipoic acid, 1,2-diacetylethylene, iV,iV'-dioctyl-
acetamidine, and trichloromethylsulfenyl benzoate. The first five 
apparently attacked components of the nitrogen-fixing system that depend 
upon biotin, since the inhibition by these five compounds could be relieved 
by added biotin. The inhibition by the sixth compound could be counter
acted by sodium molybdate. I t was of interest that this compound also 
inhibited hydrogenase activity, and this inhibition was also reversed by 
sodium molybdate. 

The interesting inhibition of nitrogen fixation and nitrate reduction 
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by tungstate (88, 89), acting as an antagonist for molybdenum, provides 
what should be a valuable tool for study of the mode of action of the 
latter metal on nitrogen fixation. This type of inhibition recalls the early 
observations with oxalate, whose inhibitory action was ascribed to pre
cipitation of the calcium ion (#0). Oxalate might be useful for investiga
tions of one of the perennial questions in this field: Is calcium uniquely 
required for nitrogen fixation? (90,91). 

Finally, mention should be made of perhaps the least-expected influence 
whose action might be regarded as that of an inhibitor—meteorological 
conditions (92). Full discussion of the claims regarding this would take 
us too far afield, but the interested reader may find such a discussion 
together with relevant bibliography in the paper by Jensen (98). 

V. RETROSPECT A N D PROSPECT 

The progress made on preparation of cell-free enzyme systems capable 
of fixing nitrogen (94-96) and the prospects of success in applying new 
methods of analysis, such as the ultraviolet-visible scanning and electron 
spin resonance spectrometers (46, 47, 97), for use with these preparations 
suggest that one era in this research is about over and that a new, exciting 
one is beginning. 

Mortenson et al. (98) demonstrated that nitrogen fixation by cell-free 
extracts of C. pasteurianum was sensitive to the phosphate ion, an opti
mum being observed at 0.01-0.02 Μ. Lockshin's (99) data indicated that 
when the concentration of phosphate was sufficiently high to induce a 
lag in fixation, the inhibition by H 2 was uncompetitive; however, the 
inhibition was competitive when the phosphate concentration was low, 
so that a linear time course was obtained. This finding is of special inter
est in view of the recent claim that H 2 inhibition in growing cultures of 
A. vinelandii is noncompetitive (100). 

Investigating the effect of CO on the components of the cell-free sys
tem, Mortenson et al. (101) found that treatment of the hydrogen-
donating component produced only a temporary, reversible lag in fixa
tion, whereas treatment of the nitrogen-activating component resulted in 
an irreversible decrease in the rate of fixation. CO inhibited hydrogenase, 
but apparently had no effect on the pyruvate metabolism as measured by 
reduction of methylene blue. Mortenson et al. (98) likewise observed 
that CO did not affect the activity of the recently discovered electron 
carrier, ferredoxin. Lockshin's (99) investigations of the clostridial sys
tem revealed that CO inhibited N 2 fixation competitively in contrast with 
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results reported earlier with red clover and Azotobacter, but in agreement 
with the observations on the blue-green alga, Nostoc muscorwn; also, 
both N 2 0 and NO inhibited competitively. McNary and Burris (102) 
reported that arsenate was a potent inhibitor of nitrogen fixation by the 
cell-free system from the Clostridia; Grau and Wilson (108) noted a 
similar result using a preparation of B. polymyxa. Details of these and 
other studies of the effect of inhibitors on the cell-free systems are pro
vided in the authoritative summaries recently compiled (101, 104, 105). 

In retrospect, it appears that the chief contribution of the various 
studies discussed in the text has been the information they have furnished 
for construction of schemes for the physicochemical mechanism of this 
biological process. From the proposals of Wilson and Burris (81) in 1947 
through Winfield's (106) provocative discussion in 1955 to the recent 
stimulating speculations of the late Norman Bauer (107), the observa
tions made regarding the action of H 2 , N 2 0 , CO, N H 4

+ , and others have 
provided the flesh to clothe the various skeletons. 

In prospect, it appears to be a safe prediction that, with the new tools 
and agents available, future researches will discard, modify, refine, and 
extend our present ideas arising from the inhibition studies and that new 
schemes for the enzymic mechanisms will be forthcoming, based on addi
tional and more exact data. A second prediction is that this attractive new 
edifice already beginning to take shape will likely be supported by the 
foundations of the past research discussed here. 
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