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NITROGENASE 
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IRON PROTEINS OF NITROGENASE IN AZOTOBAC]'ER V A V E L A N D I I  
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SITMMARY 

Evidence is presented that the dilution effect on nitrogenase from .~lzolobacter 
viuelamtii can be overcome by the addition of an optimal amount of Component I 
(iron-molybdenum protein) or Component II  (iron protein); and this optimized 
activity parallels the activity obtained by applying the dilution-factor correction. 
The synthesis of both of the nitrogenase components, after exhaustion of ammonia 
from the medium, seems to be coordinate. The degradation of both of the nitrogenase 
components after repression was found to be coordinate and neither component was 
found to be in excess at any time after repression. For the initial one-half generation 
the nitrogenase activity falls at approximately the same rate as the increase in cell 
mass, suggesting simple dilution. Atter this point, however, activity falls more 
rapidly and more than 95 % of the activity is lost in two generations. 

INTRODUCTION 

Previous studies 1-7 on tile conditions for synthesis of the nitrogen-fixing 
enzyme system have depended on measurement of the growth characteristics of the 
organisms used, or on the levels of activity detectable in crude extracts of the cells. 
When cells are grown in batch culture 2,a, no synthesis of the nitrogenase system is 
detectable until after exhaustion of free ammonia from the growth medium, whereas 
in a chemostat 4-~ very low levels of ammonia stimulates the production of the 
nitrogen-fixing enzyme system. In batch cultures similar beneficial effects of added 
amino acids have been observed and the results have been explained on the basis 
of the need for pools of amino acids for the synthesis of the nitrogen-fxing enzyme 
system and the action of relatively high levels of ammonia causing repression of the 
system 7,8. 

It has been established for several organisms 9-~4 that the uitrogenase system 
consists of at least two separable components. SILVERSTEIN AND BULEN ~5 have used 
computer simulation to correlate the rate and product data with a proposed reaction 
pathway involving a dynamic equilibrium between an associated enzyme species 
and its components. 
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We have re-examined the repression and derepression of the nitrogen-fixing 
enzynle system in Azotobacter vinelamHi, using the procedures of STRAXDSER6 AND 
\\'ILSOX 2 for crude extracts and some additional techniques with purified components 
of nitrogenase. These data provide evidence for the coordinate synthesis during 
derepression and coordinate loss of the nitrogenase components after repression. 

MATERIALS AND .Mt~THODS 

.1. ~,,i~zdamtii OP was used throughout these studies. The organism was grown 
in a modified Burk's nitrogen-free medium as described by STI~ANDBERG AXD \VILSOX °-. 
Growth was followed by measuring turbidity with a Klett-Summerson photoelectric 
colorimeter with a No. 64o filter. Proper dilutions were made before reading when 
turbidity readings were higher than I5o Klett units. One Klett unit is equal to 
3.4" IOa cells that have been growing on N2. For large-scale repression and derepression 
experinlents, cells were grown in I5 1 of medium in a 5-gallon carboy with vigorous 
aeration. Samples were removed periodically and the cells were harvested in a 
refrigerated centrifuge at I2ooo × g for Io rain and washed by resuspending in 
o.o25 M Tris-H('l buffer (pH 7.4), followed by recentrifugation. 

ATP, creatine phosphokinase (ATP:creatine phosphotransferase, EC 2.7.3.2), 
creatine phosphate, deoxxTibonuclease I (deoxyribonucleate oligonucleotidohydrolase, 
EC 3.1.4.5), dithiothreitol and Tris base were obtained fronl Sigma Chemical Co., 
St. Louis, Mo. All other chemicals were of analytical grade available commercially. 

Ammonium acetate, when used, was sterilized by filtration through a o.45-¢,m 
Millipore filter. Ammonia utilization was followed by spot-testing sanlples of the nte- 
diunl with Nessler's reagent. Quantitative determinations 2 of anmlonia in the inedium 
and in nitrogen fixation experiments were done using Nessler's reagent from Paragon 
C and (" Co., New York. 

Extracts were prepared by the following modification of the osmotic-shock 
disruption method of ROBI{ISIt AND 3IARR 1~. The cells were suspended in 4 vol. of 4 ~'I 
glycerol in o.o25 M Tris-HC1 buffer at pH 7.4 for 3o min followed by centrifugation 
at I2ooo < g for IO min at o- 4 . After the glycerol was decanted, the pellet was 
loosened and the cells were lysed by vigorous shaking with 3 or 4 vol. of o.025 M 
Tris-H('l buffer (pH 7.4) containing o.I mg dithiothreitol per ml. 5-1o ~g deoxv- 
ribonuclease I were added per ml and the contents were flushed with N2. The lysate 
was centrifuged at 27ooo x g for 3 ° min. All buffers were thoroughly sparged with 
N o before use. 

Assays of nitrogen fixation were carried out in 2o-ml serum bottles; 8.5-ml 
serum bottles were used for acetylene-reduction assays. For both of the assays, 
I ml reaction nfixtures contained 2.5 /mloles ATP, 3o ~moles creatine phosphate, 
o.2 m~ creatine phosphokinase, 5 ¢tmoles MgC12, 20 #moles Tris-HC1 buffer (pH 7.4), 
20 pmoles Na2S,,O4, and the specified protein. Bottles containing ATP, creatine 
phosphate, creatine phosphokinase, MgC12 and buffer were evacuated and flushed 
3 tiines with He for acetylene-reduction assays and with N., for nitrogen-fixation 
assays. Dithionite solution, prepared anaerobically in o.oi 3 M NaOH prior to use, 
was added just before the addition of enzyme fraction. Assays were run at 3 °o for 
15 min in a water-bath shaker. The reaction is linear during this time, and a more 
rapid shaking rate does not increase the observed activity. In acetylene-reduction 
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assays, 0. 7 nfl of tile gas phase was removed before injecting o.5 ml acetylene. Acetyl- 
ene-reduction reactions were terminated by  injecting o.I ml of 3o °o (w/v) trichloro- 
acetic acid to the solution. Ethylene production was measured after 3o nlin with a 
Varian Aerograph 6oo-D gas chromatograph with Porapak R column as described 
by STEWART d~ al. iv. 

H2 evolution was measured by dithionite oxidation followed in anaerobic 
cuvettes in a Gilford spectrophotometer  by a modification of the method of Lj<', 'Es 
.axD BuRRIS '~. For sensitive assays at low levels of dithionite, the decrease in ab- 
sorbance at 315 nm was followed. For use at high concentrations of dithionite, it was 
necessary to follow the oxidation at 350 nm. The absorbanee at both  wavelengths 
is proportional to concentration and there is a constant  ratio of the absorbancies 
at the two wavelengths. Both  ATP-dependent  H 2 evolution (nitrogenase) and ATP- 
independent H 2 evolution (hydrogenase) were assayed in this way. However, as shown 
by HVN'DSIAN et a l )  9, there is very little ATP-independent  H2-evolving activi ty in 
extracts of Azotobacter.  
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Fig.  i .  V a r i a t i o n  in  o b s e r v e d  e n z y m e  a c t i v i t y  w i t h  p r o t e i n  c o n c e n t r a t i o n  in t he  a s say .  A s s a y s  
were  ca r r i ed  o u t  u n d e r  s t a n d a r d  c o n d i t i o n s  as  d e s c r i b e d  in  MATERIALS AND METHODS. Cor rec t ions  
were  m a d e  for s a l t  c o n c e n t r a t i o n s  in t h o s e  a s s a y s  t o  w h i c h  p u r i f i e d  C o m p o n e n t  I was  a d d e d  
(see T a b l e  I for t h e  co r r ec t i on  fac tors) .  0 - - - 0 ,  e x t r a c t  a lone ;  m - - m ,  e x t r a c t  + C o m p o n e n t  I 
a d d e d  to  o p t i m u m  a c t i v i t y .  
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Chromatography on DEAE-cellulose was performed by a method similar to 
that of BvI.zx AND LzCo~rTE 9 with modifications as indicated. Whatman DE-52 
(microgranular) was equilibrated with o.o25 M Tris-H('l buffer (pH 7.4), then thor- 
oughly degassed and packed into 1.5 cm × IO cm column. Routinely the enzyme 
was applied to the column fully reduced with 3oo ml of Tris-HC1 buffer (pH 7.4) 
containing o.3 mg/ml Na.~S.,Oa. The column was eluted successively with o.o25 M 
Tris-HCl buffer (pH 7.4) and o.I5, o.25 and o.5 M NaC1 in the same buffer. All the 
eluting buffers contained o.I mg/ml Na,2S204. Iron-mCybdenunl protein (I) appears 
in the o.25 M NaC1 fraction and iron protein (II) in the o.5 M NaC1 fraction. All the 
treatments throughout the purification were performed under an atmosphere of 
H e , N o or He. 

Protein concentrations were deternfined by the method of BU(;HER 2° or  g o \ v R Y  

el a[. 21. Fractions containing Na2S20 4 were exposed to air for some time before 
protein determinations to destroy the dithionite which otherwise interferes with the 
a s s a y .  

I{],;SUI_TS AND DISCUSSION 

As reported by STRANDBIERG .AND W I L S O N  2, derepression of the nitrogen- 
fixing system in Azotobacter occurs after the exhaustion of ammonia in the medium. 
The rate of appearance of nitrogen-fixing ability varies with the medium used and 
the conditions of growth. As shown by DALTON AND POSTGATE G, and MvNSOX AND 
t3tRRIS 5, limiting ammonia in a chemostat increases the level of activity, whereas 
in the batch culture used by STjtANDBER6 AND WILSON 2 no activity is detectable 
until I h after complete exhaustion of ammonia from the medium. 

With the acetylene-reduction assay it is possible to detect levels of less than 
o.I nmole/min per mg of extract protein, but quantitation is made difficult by the 
component concentration dependence of the assay. As shown in Fig. I, the observed 
activity is not proportional to enzyme concentration and activity drops sharply at 
lower enzyme concentrations. The rate of acetylene and N~ reduction is related to 
nitrogenase concentration in a sigmoidal fashion and the specific activities drop with 
decrease in enzyme concentration but the ratio of acetylene/N2 reduction remains 

T A  t3LI:~ [ 

E F F E C T  O F  P R O T E I N  C O N C E N T R A T I O N  I N  T H E  A S S A Y  O N  A C E T Y L E N E  A N D  N 2 REDUCTION 

ProteiJe co~zcm Ace@lene reduclio*z *\:2 reductio~l Acetylene-+ ethylene 
(~t~/assav) ( n m o l e s / ~ n i ~ 7  (nmoles/rni,~ N2 , ,  2NHa 

per mg protein) per mg protein) 

0. 4 t6 .2  5 .o  3 .24  
o.S 27.9  8.2 3.4 ° 
I .e z4. 7 8 .o  3.¢)8 
I.(I 32.5  9 .9  3 .28  
2.4 33.4  1o.o 3 .34 
3--' 36.4  I ° -4  3"5 ° 

A v e r a g e  3.3 ° 

Biochi,~. Biophy,~. Acta. 256 (1972 ) 4 9 S - 5 I i  



5 0 2  V . K .  S H A H  d{ al .  

E 
~oo 

E 

c 

8 
o 

c ~ 5 o  

2 
U3 

0 200 400 600 800 
I r o n -  molybdenum protein added (units/ 

Fig .  2. V a r i a t i o n  in  o b s e r v e d  a c t i v i t y  w i t h  r a t i o  of  D E A E - c e l l u l o s e  c o l u n m  C o m p o n e n t s  I a n d  I i .  
A s s a y s  w e r e  c a r r i e d  o u t  as  i n d i c a t e d  in  MATERIALS AND METHODS, w i t h  c o r r e c t i o n s  a p p l i e d  for  
s a l t  c o n c e n t r a t i o n  in  e a c h  case .  T h e  C o m p o n e n t  I I  u s e d  fo r  t h e s e  a s s a y s  c o n t a i n e d  less t h a n  5 o..,o 
as  m u c h  a c t i v i t y  w h e n  a s s a y e d  a l o n e ,  a s  w h e n  a s s a y e d  in t h e  p r e s e n c e  of  a n  o p t i m u m  a m o u n t  
of  C o m p o n e n t  I. U n i t  of i r o n - m o l y b d e n u m  p r o t e i n  is d e f i n e d  as  t h e  a m o u n t  of  C o m p o n e n t  I 
r e q u i r e d  t o  p r o d u c e  i n m o l e  of  e t h y l e n e  p e r  m i n  w h e n  t i t r a t e d  w i t h  o p t i m a l  a m o u n t  of C o m -  
p o n e n t  I L  O - - Q ,  a c t i v i t y  o b t a i n e d  w i t h  5 ° / d  of C o m p o n e n t  I I ;  © .... C ,  a c t i v i t y  o b t a i n e d  w i t h  
25 /d  of C o m p o n e n t  I I .  

T A B L E  [ I  

E F F E C T  O F  NaC1 C O N C E N T R A T I O N  I N  T H E  A S S A Y  O N  T H E  A C T I V I T Y  O F  N I T R O G E N A S E  I N  C R U D E  

E X T R A C T  A N D  R E C O M B I N E D  F R A C T I O N S  

A v e r a g e  of  t w o  e x p e r i m e n t s  u s i n g  d i f f e r e n t  p r e p a r a t i o n s  of e n z y m e .  A c e t y l e n e  r e d u c t i o n  a s s a y s  
w e r e  c a r r i e d  o u t  as  d e s c r i b e d  in  MATERIALS AND METHODS, w i t h  a filial v o l u m e  of 1.o nil a f t e r  
a d d i t i o n  of  NaC1.  

N a C I  conch. Rela t ive  act iv i ty  
( m M) 

Crude extract R e c o m b i n e d  f rac t ions  * 

0 I O 0  I O 0  

] 2 . 5  - -  95 
25 .o  88 87 

37-5 - 73 
5o.o  7 / - 
02. 5 -- 03 
75.o 63 56 

i o o . o  4 8 - -  

" D E A E - c e l l u l o s e  c o l u m n  f r a c t i o n s  w e r e  r e c o i n b i n e d  in  r a t i o  I : I .  T h e  l o w e s t  NaC1 t e s t e d  
w a s  0 .05  M. 
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almost constant, on the average 3.3 (Table I). Investigators 22-28 have observed that  
the nitrogen-fixing system exhibits a dilution effect and at low extract concentrations 
there is no detectable enzyme activity. This is to be expected if the components of 
the nitrogenase are freely dissociable and the degree of association of a system in 
dynamic equilibrium is concentration dependent as suggested by GILVERSTEIN AND 
] 3 U L E N  1~. However, accepting this model, it is possible to determine empirically a 
correction factor to be applied to all observed activities if the ratio of components 
in the assay is constant and only their concentration is varied simultaneously. 

An additional implication of this model, as observed for the clostridial system ~9, 
is that  the detected activity in an assay will vary with the ratio of the two components 
in the assay, as well as with their concentrations. The data in Fig. 2 indicate that  the 
amount of Component I required for maximum activity depends upon the levels of 
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Fig .  3. D e r e p r e s s i o n  of n i t r o g e n a s e  in  A. vi~*elandii. Cells w e r e  g r o w n  in  15 1 m e d i u m  in  a 5 - g a l l o n  
c a r b o y  a t  2 5 - 2 8  ° w i t h  9o  f ig  N p e r  m l  as  a m l n o i l i u m  a c e t a t e ,  u n d e r  t h e  c o n d i t i o n s  d e s c r i b e d  
b y  ~TRANDBERG A N D  ~ V I L S O N  2, T h e  a m m o n i a  w a s  e x h a u s t e d  f r o m  t h e  m e d i u m  a t  133 I£ le t t  u n i t s  
a n d  t h i s  w a s  d e s i g n a t e d  t i m e  zero .  i-1 s a m p l e s  w e r e  w i t h d r a w n  a t  t h e  t i m e s  i n d i c a t e d  a n d  e x t r a c t s  
p r e p a r e d  as  d e s c r i b e d  in  MATERIALS AND METHODS. m - - ~ ,  a c t i v i t i e s  o b s e r v e d  w h e n  o.2 ml  
a l i q u o t s  of  c r u d e  e x t r a c t  w e r e  a s s a y e d  as  d e s c r i b e d  in  MATERIALS .aND METHODS; O - - O ,  a c t i v i t i e s  
c o r r e c t e d  fo r  d i l u t i o n  u s i n g  a f a c t o r  o b t a i n e d  f r o m  r e s u l t s  s i m i l a r  t o  t h o s e  of F ig .  i ;  ~k--~k, 
o p t i m u m  a c t i v i t i e s  o b t a i n e d  o n  a d d i t i o n  of v a l y i n g  a m o u n t s  of  p u r i f i e d  C o m p o n e n t  I t o  t h e  a s s a y  
o f  t h e  c r u d e  e x t r a c t ,  a s  i l l u s t r a t e d  in  F ig .  2. I n  t h e  i n s e r t  a r e  s h o w n  t h e  K l e t t  u n i t s  of  t h e  ex- 
p e r i m e n t .  
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Component II.  Recently SORCER a° suggested that the dilution effect is due to th(, 
limiting amount of Component II  and that Component I does not overcome the 
dilution effect of nitrogenase. The data presented in Fig. I clearly indicate that the 
dilution effect can be overcome by Component I. As evident from Fig. 2, if an excess 
of Component I is added, activities in the inhibition range may be observed and tlte 
stimulation effect would consequently be masked. Whenever a crude extract is 
assayed, the ratio of components is presumably constant as the concentration is 
varied, but when dealing with separated or purified components the ratio depends 
on the relative amounts of each component added. Usually the amount of one com- 
ponent or the other is somewhat in excess of the optimum and the observed activity 
depends on the availability of the other component. In attempting to quantitate the 
activities of Components I and I I  in crude extracts during the early stages of synthesis 
of the nitrogenase, determination of the optimum is crucial, for it cannot be assumed 
that both components are synthesized in a strictly coordinate fashion, and hence a 
simple correction factor for observed activity as shown in Fig. I cannot be applied. 
Instead, varying amounts of Component I which is completely free of Component If  
activity can be added and the activity of Component I I  present in the crude extracts 
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Fig. 4- Act iv i t ies  of Components  I and  1I dur ing  derepression of ni t rogenase.  The ex t r ac t s  whose 
ac t iv i t i e s  are shown in Fig. 3 were f rac t iona ted  on DEAE-ce l lu lose  co lumn as descr ibed in 
MATXRIALS AND METHODS. The ac t iv i t i es  of the  componen t s  were de te rmined  by  assay  of o. i  ml 
of each Frac t ion  I and I I  from the  DEAE-ce l lu lose  column. D - - D ,  F rac t ions  I and  I I  from 
the  ind ica ted  t imes  of derepress ion;  A - - A ,  Frac t ion  I from the  ind ica ted  t imes  of derepression 
+ Frac t ion  I I  f rom ful ly  derepressed cells; O - - O ,  Frac t ion  I I  from the  ind ica ted  t imes  of de- 
repression _L Frac t ion  I from ful ly  derepressed cells; 0 - - 0 ,  ac t iv i t i e s  corrected for d i lu t ion  using 
a factor  ob ta ined  from resul ts  s imi lar  to those of Fig. i .  
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determined. If the effect of added Component I is the same with extracts obtained 
early in the synthesis of nitrogenase as for dilutions of fully derepressed cultures 
containing the same total amount of activity, then we may assume that the ratio of 
components in the extracts is very nearly the same. A further test of this is possible 
by purification of the components on a DEAE-cellulose column and determination of 
the total units of each component present in a given amount of extract. If this ratio 
of recovery of Components I and I I  is constant for all the stages of the derepression, 
we have further evidence that the synthesis of the components is coordinate. 

BULEN AND LECoMTZ 9 reported that NaC1 inhibits N2 fixation in extracts of 
Azotobacter at levels above approx, o.o5 M. Within the activity range we tested, 
there is 5o % inhibition of activity with each o.o95 M increase in NaC1 concentration 
in crude extracts when tested up to o.15 M in the acetylene-reductkm assay and up 
to o.3 M in the ATP-dependent dithiouite-oxidation assay. The observed inhibition is 
somewhat lower with higher activities. A correction factor for salt concentration 
can be easily applied whenever purified fractions are used in tile assay (Table II). 
MgCI,, shows a similar effect in both acetylene-reduction and dithionite-oxidation 
assays. 

The synthesis of nitrogenase activity as a function of time after exhaustion of 
ammonia from the medium is shown in Fig. 3. The cells were grown at 25-28 °, 
somewhat lower temperature than optimum so that the finer kinetics of enzyme 
synthesis could be followed. The activity in the crude extracts was measured and a 
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Vig..5- 1,;ffect ot added  Componen t  I or I [  on the  a c t i v i t y  of n i t rogenase  (luring derepression.  
Cells were grown and ha rves t ed  as ind ica ted  in legend of Fig. 3, excep t  t h a t  the  t empe ra t u r e  
was ma in t a ined  a t  32 °. Samples  were t aken  a t  t imes  ind ica ted  and e x t r a c t s  p repared  as ment ioned  
in MATERIALS AND METHODS. Time zero is defined as when a Inmonia  is exhaus ted  Irom the  medium.  
O - - - • ,  a m m o n i a  N in the  medium.  Nu f ixa t ion:  [] ~ ,  ex t r ac t  alone;  O - O ,  ex t r ac t  @ Com- 
ponen t  I; V- - V ,  ex t r ac t  + purified Componen t  II .  Acety lene  reduc t ion :  • - • ,  e x t r a c t  alone;  
• - - • ,  e x t r a c t  %- Componen t  I ;  ~ ' - - Y ,  e x t r a c t  + Component  I1 ; ± - -~ ,  corrected for di lut ion.  
In  the  inser t  are shown the  K le t t  un i t s  of the  exper iment .  
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correction for dilution applied. There is approximately a I-h lag after the loss of 
ammonia from the nledium before any detectable activity. Application of the dilution 
correction indicates that the synthesis lags for an additional hour before becoming 
linear with time. Addition of Component I to obtain optinmm activity agrees well 
with this correction. 

Components were separated by DEAE-cellulose chromatography and re- 
combined for assay (Fig. 4). When corrected for the variation in salt concentration in 
different fractions, the results are in good agreement with those obtained using crude 
extracts. In the early stages of derepression when the amount of each component is 
small relative to that  found in a fully derepressed culture, the activities observed on 
recombination of components are low. Addition of purified Component I or I I  from 
fully-derepressed cells leads to an apparent stimulation of the activity. Alternatively, 
if the ratio of components is assumed to be constant and a correction for concentration 
in the assay is applied, a similar increase in activity is observed. The fit is not perfect 

so@ 

J o o  

!i iO,o ° 

O 1 2 3 4 5 6 
Time (h) 

Fig. 6. Growth  and a m m o n i a  u t i l i za t ion  dur ing  t r aus i t i on  from N~ to NH 3 as n i t rogen  source. 
E x p e r i m e n t  was carr ied ou t  in a 5-gallon ca rboy  as descr ibed in MATERIALS AND METHODS. W h e n  
cell dens i ty  reached i i o  K l e t t  uni ts ,  13o/~g of N as a m m o n i u m  ace ta te  per  ml  was  added  to  15 l 
oi ac t ive ly  growing cells a t  32°. Al iquots  of cells were w i t h d r a w n  i m m e d i a t e l y  before and  every  
half  hour  a f te r  the  add i t ion  of ammonia .  The s u p e r n a t a n t  fluid af ter  ha rves t i ng  the  cells was 
assayed for ammonia .  Time zero is deftned as when a m m o n i a  is added  to  the  nlediuln.  0 - - 0 ,  
amn~onia N in the  m e d i u m ;  O - - - ~ ,  K le t t  un i t s ;  I - - m ,  wet  weigh t  of the  cells. 
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s ince  t h e r e  a re  s e v e r a l  v a r i a b l e s  i n f l u e n c i n g  t h e  e x a c t  y ie ld  a n d  c o n c e n t r a t i o n  of 

c o m p o n e n t s  o b t a i n e d  f r o m  t h e  c o l u m n s ,  b u t  t h e r e  does  n o t  a p p e a r  to  be  a n y  la rge  

excess  of one  c o m p o n e n t  o v e r  t h e  o t h e r  a t  a n y  t i m e  d u r i n g  t h e  de rep re s s ion .  Tile 

s y n t h e s i s  of t h e  c o m p o n e n t s  t h u s  s eems  to  be  c o o r d i n a t e .  

A t  32~' d e r e p r e s s i o n  is m u c h  m o r e  r a p i d  (Fig. 5). U n d e r  t h e s e  c o n d i t i o n s ,  t i le 

lag p e r i o d  be fo re  t h e  b e g i n n i n g  of s y n t h e s i s  of t h e  n i t r o g e n a s e  was  less t h a n  15 ra in ,  

a n d  t h e r e  was  no  lag in  t h e  i nc r ea se  in  cell n u m b e r  as m e a s u r e d  b y  t i le  i nc r ea se  ill 

K l e t t  u n i t s .  W e t  w e i g h t  of cells pe r  l i t e r  s t o p p e d  i n c r e a s i n g  for  m o r e  t h a n  a n  h o u r  

d u r i n g  w h i c h  t i m e  t h e  n i t r o g e n a s e  i n c r e a s e d  r a p i d l y  in  specif ic  a c t i v i t y  u n t i l  i t  r e a c h e d  

a v a l u e  c o m p a r a b l e  to  t h a t  of cells g r o w n  c o n t i n u o u s l y  on  N 2. A l t h o u g h  t h e  t i m e  

r e q u i r e d  to  r e a c h  ful l  specif ic  a c t i v i t y  w as  m u c h  s h o r t e r  u n d e r  t h e s e  c o n d i t i o n s ,  t i le  

i nc r ea se  in  a c t i v i t y  of C o m p o n e n t s  I a n d  I I  w as  i d e n t i c a l  to  t h a t  o b s e r v e d  w i t h  

c u l t u r e s  a t  a low t e m p e r a t u r e .  N i t r o g e n  r e d u c t i o n  a n d  a c e t y l e n e  r e d u c t i o n  i n c r e a s e d  
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Decrease in N 2- and acetylene-reduction activity during repression of nitrogenase by am- 
monia. Cells obtained as indicated in the legend to Fig. 6 were broken as described in MATERIALS 
.aND METHODS. Activities toward N~ and acetylene reduction were determined in the coupled 
assay system as described in MATERIALS AND METHODS, Dithionite oxidation rates were extra- 
polated to Vmax by using several concentrations of ATP with constant  amounts of creatine phos- 
phate  and creatine phosphokinase in the assay as described in MATERIALS AND METHODS. Corrected 
activity values for acetylene reduction were obtained using an activity correction curve obtained 
from data  similar to tha t  shown in Fig. i. Time zero is defined as when ammonia is added to 
the medium. 0 - - 0 ,  N~ reduction; C - -  ©, acetylene reduction; A - - A ,  dithionite oxidation ; 
• - - I t ,  acetylene reduction corrected for dilution using a factor obtained from results similar to 
those of Fig. i. 
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in exac t ly  tile same manner,  main ta in ing  a constant  ra t io  of 3 acetylene reduced 
per N 2 reduced. 

Similar  exper iments  were performed to determine  whether  the  degrada t ion  
of enzyme after  repression was coordinate  or specific for one or the other  component .  
The decrease in the  ac t iv i ty  was followed af ter  addi t ion  of ammonium aceta te  to a 
cul ture  growing rap id ly  wi th  N 2 as its source of nitrogen. The ac t iv i ty  of ex t rac t s  
was de te rmined  by  addi t ion  of vary ing  al iquots  of ex t rac t s  to the assay, and  by  
supplement ing  with vary ing  amounts  of Component  I to the  assay, so tha t  the 
act ivi t ies  per  assay de te rmined  were in a comparable  range, making  the correction 
factors more reliable. There was no observable  lag on addi t ion  of ammonia  to the  
medium.  

As m a y  be seen in Fig. 6, the growth ra te  as measured either bv  Kle t t  units  or 
wet weight  of cells at  harves t  is a good approx imat ion  to logari thmic growth  even 
at  very  high yields of cells. Ammon ia  ut i l izat ion bv  the cells over this t ime increases 
rap id ly  and as m a y  be seen b y  comparison to Fig. 7, the increase in ut i l iza t ion of 
ammonia  from the med ium corresponds with the decrease in the ni t rogenase ac t iv i ty  o 
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Fig. 8. Effect  of added  Componen t  I or f I  on ace ty lene  reducing a c t i v i t y  a t  var ious  t imes  dur ing 
repression. Act iv i t i es  of e x t r a c t  alone or w i th  added  Componen t  I or I f  were de te rmined  using 
the  coupled sys t em as ind ica ted  in MATERIALS AND METHODS. NO sal t  correct ion was needed since 
the  componen ts  used were in o.o2 5 M Tris buffer. Componen t  I I  was a Sephadex  G-2oo column 
fract ion con ta in ing  less t h a n  o.I °/o Componen t  I. O -  ©, e x t r a c t  alone;  O - - -  O,  e x t r a c t  + Com- 
ponen t  I ;  A - - - A ,  e x t r a c t  + Component  I I ;  I t - - I ,  ace ty lene  reduc t ion  a c t i v i t y  corrected foi 
d i lu t ion  as ind ica ted  for Fig. 7. 

t~iochim. Biophys.  Acta, 256 (I972) 4 9 8 - 5 H  



N I T R O G E N A S E  IN A Z O T O B A C T E R  509 

of the ceils. For the initial one-half generation the nitrogenase activity, as measured 
by N2 or acetylene reduction or dithionite oxidation, falls at approximately the same 
rate as the increase in mass of cells, suggesting simple dilution. After this point, 
however, the activity falls more than twice as fast as cell mass increase and more 
than 95 % of the activitv is lost in two generations when simple dilution would 
predict a loss of only 75 %. As seen from Figs. 8 and 9, addition of optimal amounts 
of component I or I I  stinmlates the activity, but at an), stage after repression the 
effect of added Component I or I I  is practically the same, showing that both the 
components are inactivated simultaneously. S T R A N D B E R G  AND W I L S O N  2 observed a 
somewhat higher rate of loss of activity as a function of time, using activities un- 
corrected for dilution in the assay. The data presented clearly indicate that  synthesis 
and degradation of both the components of nitrogenase is coordinate. 

The observation that  the activity of nitrogenase is diluted out during the 
initial half generation after repression suggests that  there is no specific mechanism 
fur turning off the enzyme activity, such as proteolytic degradation or O 2 denatura- 
tion. This relative stability indicates that  repression is rapid and highly effective, not 
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F i g .  9. E f f e c t  of  a d d e d  C o m p o n e n t  I o r  IT o n  N 2 - r e d u c i n g  a c t i v i t y  a t  v a r i o u s  t i m e s  ( l u r i n g  re -  
p r e s s i o n .  C o n d i t i o n s  w e r e  t h e  s a m e  as  d e s c r i b e d  t o r  F ig .  8. Q - - O ,  e x t r a c t  a l o n e ;  • - - m ,  e x t r a c t  

C o m p o n e n t  I ; A A ,  e x t r a c t  @ C o m p o n e n t  I I .  N H  a p r o d u c t i o n  w a s  m e a s u r e d  w i t h  N e s s l e r ' s  
r e a g e n t  a f t e r  m i c r o - d i f f u s i o n  as  in  MATI~2RIALS AND METHODS. 

Biochim. Biophys..4cta, - '56 (T97 z) 4 9 8 - 5 ~  



5 1 0  V . K .  St tAH t't tll. 

s imp ly  a shif t  in equ i l i b r i um be tween  synthes i s  and  degrada t ion ,  since the  specific 

a c t i v i t y  of the  e n z y m e  begins  to fall  i m m e d i a t e l y  a f te r  add i t ion  of the  a m m o n i a .  

The  a c c o m p a n y i n g  pape r  at d e m o n s t r a t e s  t h a t  t he  E P R  signal,  seen in purif ied 

C o m p o n e n t  I and  in whole  cells, as well  as va r ious  measu res  of ac t iv i ty ,  decay  in 

para l le l  a f te r  repression,  whereas  the  c ross - reac t ing  m a t e r i a l  to C o m p o n e n t  I decl ines  

more  slowly. The  c ross - reac t ing  m a t e r i a l  decl ines  by  s imple  d i lu t ion ,  while  a f te r  t he  

first hal f  gene ra t i on  the  a c t i v i t y  and  E P R  signal  decl ine m o r e  rapid ly .  

The  o b s e r v a t i o n  tha t  d i t h ion i t e -ox id i z ing  ab i l i ty  as well  as ace ty lene-  and  

n i t r o g e n - r e d u c t i o n  ac t iv i t i e s  fall in para l le l  p rov ides  ano the r  d e m o n s t r a t i o n  t h a t  these  

reac t ions  are all c a t a l y z e d  by  the  i n t ac t  n i t rogenase  complex  a2, w i th  no ac t iv i t i e s  

a t t r i b u t a b l e  to  e i the r  c o m p o n e n t  a lone 33. F u r t h e r  suppor t  is p r o v i d e d  by  the  para l le l  
rise in ace ty lene-  a n d  n i t rogen - r educ ing  ac t iv i t i e s  dur ing  derepress ion  of n i t rogenase .  

I t  will  be of in t e res t  to e x a m i n e  the  derepress ion  of m u t a n t s  such  as those  
descr ibed  by  FISHER AND gRILl. 34 and  SORGER AND TROFIMENKOFF 28, which  are 

unab le  to g row on N2 bu t  which  can be de repressed  when  g rown  on H e - O  2 and  l imi t ing  

a m m o n i a .  W i t h  the  ab i l i ty  to q u a n t i t a t e  t he  ac t iv i t i e s  of C o m p o n e n t s  I and  I [  in 

crude e x t r a c t s  it m a y  be possible to isolate  classes of m u t a n t s  which  h a v e  pa r t i a l l y  

ac t ive  c o m p o n e n t s  or  for which  the  syn thes i s  of the  two  c o m p o n e n t s  is no longer  

a p p a r e n t l y  coord ina te .  Q u a n t i t a t i v e  t echn iques  for m e a s u r i n g  the  ac t iv i t i e s  of 

c o m p o n e n t s  should  be app l icab le  also to o theI  sys tems  for which  re la t iveh"  less is 

k n o w n  abou t  repress ion and  derepress ion  ~, 3a. 
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