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Summary 

Acetylene reduction,  an assay for nitrogenase activity (nitrogen: (acceptor) 
oxidoreductase,  EC 1.7.99.2), is dependent  on the ratio of  the two protein 
components  of  nitrogenase as well as on C2H2 concentration. As the compo- 
nent  I : componen t  II ratio (based on activity} is increased, the C2H2 reduc- 
tion : N2 fixation ratio decreases to a minimum of 3.4 and then increases. The 
minimum is found at a ratio near 1 : 1. At a componen t  I : component  II ratio 
of  20 : 1, the C2H2 reduction : N2 fixation ratio is 5.3. Acetylene exhibits 
substrate inhibition in assays for nitrogenase activity. Both the apparent Km 
and Ki for acetylene vary as a function of the relative concentrat ion of  compo- 
nents I and II present in the assay. When the more labile componen t  II is 
limiting in the assay and "saturat ing" levels of C2H2 (above 0.1 atm) are used, 
N2-fixation capacity may be greatly under-estimated. 

Introduction 

Reduct ion of  N2 to ammonia is the natural reaction catalyzed by  nitroge- 
nase (nitrogen:(acceptor) oxidoreductase,  EC 1.7.99.2). Assays of this reaction 
have several limitations. First, N2 is relatively insoluble, so that  1 atm N2 gas 
phase yields levels of  N2 in aqueous phase only about  10 times above the 
apparent Km in vitro [1] .  Observed rates of  N2 fixation may thus depend on 
the rate of  t ransport  of  N2 across the gas-liquid boundary,  making volume to 
surface area and shaking rate critical variables in the assay. Further, NH~ detec- 
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tion with Nessler's reagent is not  sensitive enough to determine very low levels 
of  nitrogenase activities reliably. 

Among many alternate substrates [2--8] ,  acetylene is more frequently 
used as a substrate for assays of  nitrogenase activity [9--16] because of  the 
sensitivity and convenience of  the assay. High levels of acetylene in the assay 
are found to be inhibitory [10] .  As shown in this paper, the inhibitory effect 
of  acetylene is more pronounced when component  II (Fe-protein), the elec- 
tron-donating componen t  [17] ,  is limiting in the assay. 

Materials and Methods 

A. vinelandii OP was used throughout  these studies. Growth of the orga- 
nism, preparation of extracts and assay conditions for N2 fixation and acety- 
lene reduct ion were as described by Shah et al. [18] .  Component  I and compo- 
nent  II were purified by the method of Shah and Brill [19] and component  
activities were determined by titrating with complementary  componen t  [18] .  
Protein was determined by the biuret method of Gornall et al. [20] with 
bovine serum albumin as a standard. 

ATP, creatine phosphokinase (ATP : creatine phosphotransferase, EC 
2.7.3.2), deoxyribonuclease I (deoxyribonucleate  oligonucleotidohydrolase,  EC 
3.1.4.5), and Tris base were obtained from Sigma Chemical Co., St. Louis, Mo. 
Creatine phosphate was obtained from Pierce Chemical Co., Rockford,  Ill. 
Nessler's reagent was obtained from Paragon C and C Co., New York, N.Y. All 
other  chemicals and gases were of  analytical grade available commercially. 

Results 

Table I shows the results of  a typical experiment in which the ratio of 
componen t  I : II was varied, keeping component  II constant  for all the assays. 
The data reveal that  the highest C2H2 reduction and nitrogen fixation [21] 
activity is attained with 2--4 times more component  I than is needed for 
highest specific activity. The important  point  to be observed in these data is 
that  there is a rather sharp minimum in the C2H2 : N2 reduction ratio. This 
occurs where specific activity is highest, not  where total activity is greatest. 
Similar results were obtained in other  experiments using components  of  varying 
degrees of  purity. 

The relative ratios of  C2 H2 : N2 reduction also vary with the extent  to 
which the reducible substrates are able to saturate the active enzyme complex. 
Fig. 1 shows the extent  of substrate reduction with different levels of  C 2 H 2 as 
a function of  componen t  ratio. The apparent ratios of  C2 H2 : N2 reduction are 
also shown. With a large excess of  component  I present in the assay, both  the 
N2- and C2 H2-reducing activity fall. The decrease is 4-fold for N2 reduction, 
and 2.5- and 5-fold for the low and high level of C2H2 respectively. In fact, at 
the high ratio of component  I : II, there is more C2 H2 reduced at the low 
substrate level than at the high one. 

To insure that  the effects we have observed are not  spurious results caused 
by limitations of  the assay system, we tested two different ratios of  compo- 
nents with two levels of  C2 H2, taking samples at several different times. The 
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T A B L E  I 

E F F E C T  O F  C O M P O N E N T  R A T I O  O N  T H E  R A T E  O F  A C E T Y L E N E  R E D U C T I O N  A N D  N I T R O G E N  
F I X A T I O N  

Rat io*  o f  A c e t y l e n e  r e d u c t i o n  N i t r o g e n  f i x a t i o n  Ra t io  o f  
c o m p o n e n t  I : a c e t y l e n e  : 

c o m p o n e n t  II Per assay Relat ive  Per assay Relat ive  n i t rogen  
( n m o l /  s p e c i f i c  ( n m o l /  spec i f i c  r educ t io n  
r a i n )  a c t i v i t y  * * r a i n )  a c t i v i t y *  * 

0 . 1 3  : 1 4 3 . 3  3 8 . 1  1 1 . 0  9 . 7  3 . 9 4  
0 . 3 3  : 1 9 8 . 7  6 5 . 6  2 5 . 7  1 7 . 2  3 . 8 2  

0 . 6 7  : 1 1 7 3 . 1  1 0 2 . 7  4 8 . 0  2 8 . 8  3 . 5 7  

1 . 3 3  : 1 2 6 7 . 6  1 1 5 . 5  7 8 . 7  3 3 . 8  3 . 4 2  

2 . 6 7  : 1 3 5 0 . 2  9 4 . 8  9 0 . 7  2 4 . 7  3 . 8 4  
5 .3  : 1 3 5 2 . 2  5 5 . 9  8 7 . 3  1 3 . 8  4 . 0 5  

1 0  : 1 2 6 6 . 6  2 4 . 4  6 4 . 3  5 .8  4 . 2 1  
2 0  : 1 1 2 5 . 3  5 .9  2 4 . 0  1 .1  5 .3  

* A m o u n t s  o f  c o m p o n e n t  act iv i ty  ( expressed  as n m o l  o f  substrate  reduced  per  m i n )  pre sen t  in the  
assay w e r e  d e t e r m i n e d  d irec t ly  f r o m  the  t i trat ion curve,  using the  act iv i ty  per  a l iquot  o f  c o m p o n e n t  
I added to  e x c e s s  c o m p o n e n t  I I  ( i n i t i a l  p o i n t s )  for  act iv i ty  o f  c o m p o n e n t  I, and the  m a x i m u m  
act iv i ty  observed  as that  for  c o m p o n e n t  II.  Th e  spec i f i c  act iv i t ies  w e r e  over  1 6 0 0  n m o l / m i n  p e r  m g  

prote in  for c o m p o n e n t  I and 1 0 6 0  n m o l / m i n  p e r  m g  pro te in  for c o m p o n e n t  I I .  3 3 0  ~ug c o m p o n e n t  
I I  w a s  used per  assay.  C o m p o n e n t  I w a s  a crystal l ine  preparat ion  disso lved in  0 . 0 1  M T r i s  - HC1 
buf fer ,  p H  7 .4 ,  and c o m p o n e n t  II w a s  puri f ied b y  preparat ive  e l e c t r o p h o r e s i s  [ 1 9 ] .  Ra t io  of  c o m -  

p o n e n t s  is that  o f  ac t iv i ty  units  p r e se n t  in assay.  Assays  w e r e  incubated  at 30°C for  15  rain i n  

water -ba th  shaker.  
** Relat ive  spec i f i c  act iv i ty  equals  n m o l  a c e t y l e n e  or  n i t rogen  r e d u c e d  per  rain per  assay d iv ided b y  

the  s um o f  uni t s  o f  c o m p o n e n t  ac t iv i ty  p r e s e n t  in the  a s s a y .  

rate of  ATP hydrolysis per pair of  electrons transferred increases with increas- 
ing concentration of  component  I in the assay [22] and could result in either 
exhaustion or some inhibition of  the creatine kinase-coupling system during a 
set-time assay. That this is not  the case, is clearly seen from Fig. 2. We also 
tested the effect of  increasing and decreasing the creatine kinase levels 4-fold 
over the concentration used in conventional assay, and obtained identical re- 
sults. We also used a standard assay stopped by adding trichloroacetic acid at 
various times and obtained the same results. All of  the unstopped assays show a 
slight lag when begun by adding the enzyme to the assay mixture equilibrated 
with C2H2 at 30°C. We have found a similar lag when assays are begun with 
addition of  C2 H2. There is usually no such lag in dithionite oxidation assays 
[ 1 8 , 2 3 ] ,  so the effect is probably primarily in the diffusion of  C2H4 out  of  the 
aqueous phase. 

The assays shown in Fig. 2 were allowed to go to complet ion to obtain a 
measure of  the substrate reduced for a fixed amount  of  ATP hydrolyzed. Table 
II shows the effect of  variation in component  ratio and C2H2 concentration on 
both the rate of  substrate reduction and the final extent of  the reaction. These 
are only relative measures since at low C2H2 concentrations, the substrate was 
80--90% reduced before ATP was depleted. The important points to be noted 
in this table are that the lower ratio of  components  is considerably more 
efficient in overall yield at both levels o f  C2 H2 and that the relative rates of  
C2 H2 reduction at high C2 H2 concentration decreases with an increasing com- 
ponent  I : II ratio while at low C2H2 concentration the relative rate of  C2H2 
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Fig. 1. Rela t ive  r e d u c t i o n  of  ace ty l ene  e nd  n i t r o g e n  as a f u n c t i o n  of  c o m p o n e n t  ra t ios  and  subs t ra te  
c o n c e n t r a t i o n .  Assays were  c a r d e d  o u t  in s t a n d a r d  assay s y s t ems  descr ibed  b y  Shah et  al. [ 1 8 ] .  Relat ive  
specif ic  act ivi t ies  end  c o m p o n e n t  ra t ios  were  de r ived  as ind ica ted  in the  legend  of  Table  I. C o m p o n e n t  I 
was  a crys ta l l ine  p r e p a r a t i o n  dissolved in 0 .25  M NaCI in 0 . 0 2 5  M Trls • HC1 buf fe r ,  p H  7.4 [ 1 9 ] .  
C o m p o n e n t  I I  was  in 0 ,35  M NaC1 in 0 . 025  M Trls • HCI bu f fe r ,  p H  7.4,  end  was a pur i f ied  p r e p a r a t i o n  
f r o m  the  s econd  DEAE-ce l lu lose  c o l u m n .  All assays were  b r o u g h t  to  c o n s t a n t  ionic s t reng th .  Salt-cor- 
r e c t e d  [18 ]  specif ic  act ivi t ies  were  1 1 2 5  n m o l / m i n  pe r  m g  p r o t e i n  of  c o m p o n e n t  I end  2 5 0  n m o l / m i n  p e r  
m g  p r o t e i n  of  c o m p o n e n t  II. ~ t ,  act ivi t ies  wi th  0 . 125  a t m  C2H2;  X ,,X, act ivi t ies  w i th  0 . 0 1 2 5  
a t m  C2H2;  • • ,  act ivi t ies  wi th  1 a t m  N2; o o r a t io  of  act ivi t ies  a t  0 . 1 2 5  a t m  C2H 2 over  
1 a t m  N2;  X X, ra t io  of  act ivi t ies  at  0 . 0 1 2 5  a t m  C2H 2 over  1 a t m  N 2. 
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Fig. 2. Ra tes  of  ace ty l ene  r e d u c t i o n  as a f u n c t i o n  of  subs t ra t e  c o n c e n t r a t i o n  end  c o m p o n e n t  rat ios.  
Assays  were  s t a r t ed  b y  add i t i on  of  0 .2  ml  of  n i t rogenase  c o m p o n e n t s  m i x t u r e  consis t ing of  e i the r  2 5 0  
un i t s  of  c o m p o n e n t  I plus  178  un i t s  of  c o m p o n e n t  II  ( c o m p o n e n t  ra t io  1 .4  : 1) or  2 5 0 0  un i t s  of  
c o m p o n e n t  I and  178  un i t s  of  c o m p o n e n t  II  ( c o m p o n e n t  ra t io  14  : 1). C o m p o n e n t  ra t io  is de f ined  as in 
l egend  of  Table  I. Al iquo ts  (0 .3 m l )  of  the  gas phase  were  t ak en  a t  5-rain intervals ,  a f t e r  add ing  an  
e q u i v a l e n t  a m o u n t  of  He to  the  assay vials. Specif ic  ac t iv i ty  of  c o m p o n e n t  II  was  8 0 0  n m o l / m i n  p e r  m g  
p r o t e i n ,  225  ~tg of  c o m p o n e n t  I I  was used  pe r  assay. Specif ic  ac t iv i ty  of  c o m p o n e n t  I was  1 6 0 0  n m o l / m i n  
pe r  m g  pro te in .  C o m p o n e n t  I was a crys ta l l ine  p r e p a r a t i o n  dissolved in 0 .25  M NaC1 in 0 . 0 2 5  M Tris • HCI 
buf fe r ,  p H  7.4. C o m p o n e n t  II  was in  0 .35  M NaCI in 0 . 025  M Tris • HC1 buf fe r ,  pH 7.4,  end  was a pur i f ied  
p r e p a r a t i o n  f r o m  the  s econd  DEAE-ce l lu lose  c o l u m n  [ 1 9 ] .  e t ,  act ivi t ies  wi th  0 .0 8 0  a t m  ace ty l ene  
and  1.4 : 1 c o m p o n e n t  ra t io ;  o ©, act ivi t ies  w i th  0 . 0 8 0  a t m  ace ty l ene  end  14 : 1 c o m p o n e n t  ra t io ;  
• A act ivi t ies  wi th  0 . 0 0 8 0  a t m  a c e ty l e ne  end  1.4 : 1 c o m p o n e n t  ra t io ;  ~ ~, act ivi t ies  wi th  
0 . 0 0 8 0  a t m  ace t y l ene  end  14 : 1 c o m p o n e n t  rat io.  
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TABLE II 

EFFECT OF COMPONENT RATIO AND ACETYLENE CONCENTRATION ON APPARENT EFFI- 

CIENCY OF SUBSTRATE REDUCTION 

See Fig. 2 for details of the assay and determination of component activities. All rates were linear for at 

least 20 rain. Final yield was determined after 1.5--2 h incubation. 

Ratio* of C2H 4 formed using C2H 4 formed using 
component I : 0.076 atm C2H 2 0.0076 arm C2H 2 
component II 

R a t e  Yie ld  R a t e  Yie ld  
( n m o l /  ( n m o l /  ( n m o l /  ( n m o l /  
min) assay)  min) assay) 

1.4 : 1 130  7 6 0 0  86 4 4 5 0  
14 : 1 108  5 1 7 0  105  3 9 0 0  

* D e f i n e d  as  in  l egend  o f  Tab le  I. 

reduction increases with increasing component  I : II ratio. As an example of  
the potentially erroneous results obtained using acetylene concentrations in 
excess of  0.1 atm and extracts of  unknown component  ratio, we show Fig. 3. 
The component  II level in all of  the assays was constant as the same size aliquot 
of  freshly prepared extract was used in all the assays. Component I levels were 
varied by supplementing extract with purified component I, thus creating a 
situation of  limiting component II in the extract. A striking dissimilarity in 
saturation curves for C2 H2 is noticed. The data in Fig. 3 reveal that observed 
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Fig. 3. E f f e c t  o f  c o m p o n e n t  r a t i o  on  a c e t y l e n e  r e d u c t i o n  as a f u n c t i o n  o f  s u b s t r a t e  c o n c e n t r a t i o n .  
C o m p o n e n t  r a t i o  is d e f i n e d  a n d  d e t e r m i n e d  as in  l e g e n d  o f  Table  I. Assays  were  i n c u b a t e d  a t  3 0 ° C  fo r  15  
m i n  in  a w a t e r - b a t h  shake r .  The  sou rce  of  c o m p o n e n t  I I  was  a c rude  e x t r a c t  [ 1 8 ]  w i t h  a f inal  p r o t e i n  

c o n c e n t r a t i o n  in  the  assay  o f  1 .2  m g / m l .  ± ±, ac t iv i t i e s  w i t h  1 : 1 c o m p o n e n t  ra t io ;  o o, 
a c t i v i t i e s  w i t h  3 : 1 c o m p o n e n t  r a t io ;  • • ,  ac t iv i t i e s  w i t h  11 : 1 c o m p o n e n t  ra t io .  
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activity increases with increasing acetylene concentrat ion until 0.2 atm when 
componen t  I : component  II levels are optimal (approx. 1 : 1). A small excess 
of  componen t  I (component  I : II ratio of  approx. 3 : 1) overcomes the dilu- 
tion effect  [18] and 0.1--0.2 atm of C2 H2 "saturates"  the system. In contrast, 
if an excess of  component  I (components  I : II ratio of  approx. 11 : 1) is 
present, the system is "sa tura ted"  at 0.05 atm of C2H2 and the observed 
activity drops rapidly with increase in partial pressure of C 2 H 2 in excess of  0.1 
atm. Similar inhibitory effects of  acetylene concentration are observed when 
activities of  carefully prepared fresh extracts are compared with extracts in 
which componen t  II is partially denatured during handling or storage. 

Discussion 

It is quite apparent from the data in Figs 1 and 3 that  the saturation curve 
for C2 H2 will depend on the relative amounts  of  the components  present in an 
assay. Similarly the estimated N2-reducing capacity of  a system will vary with 
the componen t  ratio at a fixed C2 H2 level. There are several implications of 
these findings. Because of  its extreme lability, component  II may be limiting in 
extracts [24- -26] .  Assays of C2H2 reduction by these extracts may greatly 
underest imate the true N2-fixing capacity of  these extracts if the usual 0.1--0.3 
arm C2H2 is used in the assays. In Klebsiella pneumoniae by contrast, it is 
componen t  I which becomes limiting during in vivo 02 inactivation of  nitroge- 
nase [27] .  To estimate the true N2-fixing capacity from an acetylene reduction 
assay, a saturation curve for acetylene should be derived for each new prepara- 
tion being studied. 

These results also indicate that  there are great pitfalls in doing kinetic 
studies of  nitrogenase when the ratio of  components  in an extract is unknown.  
The apparent Km for C2H2 is much lower when there is an excess of compo- 
nent  I than when componen t  I is limiting in the assay (Table II and unpub- 
lished data). When componen t  II is limiting, the steady-state concentrat ion of 
the oxidized form of componen t  I is greater [17] whereas when component  I is 
limiting, reoxidation of componen t  I by substrate is probably the rate-limiting 
step of  the overall reaction. 

If other reducible substrates show similar behavior to that  of  C2H2, the 
degree of  substrate inhibition may vary with the ratio of  components .  Efficien- 
cy of  reduct ion to alternate products  (e.g. methylamine or methane and ammo- 
nia f rom cyanide) may be critically dependent  on the ratio of  components  
present. 

Titration of  one componen t  against the other  until opt imum specific ac- 
tivity based on both  components  is reached [18,21] will provide a suitable 
system for extensive studies of  kinetic parameters. The components  need not  
be pure if a complete  titration is carried out  and one of  the two components  
can be obtained free of  the other, since the opt imum point  of  specific activity 
is a simple incremental function. It should be clear, at least, that  precise condi- 
tions under which results are obtained must  be clearly specified, including the 
extent  to  which one or the other  components  is limiting in the assay. 
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