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SUMMARY 

The purified, native iron-nlolybdenum protein (Component I) of Azolobacler 
v indandi i  nitrogenase shows EPR signals at g values of 4.32, 3.65, and 2.oI, when 
observed below 4 °° K. The resonances near g -- 4.32 and 3.65 are unobscured when 
whole nitrogen-fixing cells are observed, and we have compared the appearance and 
disappearance of these resonances with nitrogenase activity as well as Component I 
protein determined immunochemically, during derepression and repression of nitro- 
genase. The characteristic resonances are absent in cells grown on ammonium salts. 
During derepression the activity, EPR signal, and cross-reacting material appear and 
pass through a maximmn in parallel. During repression the imnmnochemicallv- 
detectable protein decays inversely with cell growth, while the activity and signal 
are depressed considerably more rapidly. This suggests that a short-term contr('l 
mechanism, including the substantial alteration of the paramagnetic center of Com- 
ponent I without elimination of the antigenic moiety, is responsible for rapid re- 
pression of nitrogenase by anunonia. 

EPR signals similar to those of Component I in Azotobacter were also observed 
at low temperatures in nitrogen-fixing cells of Clostridium pasteurianum, Klebsiella 
pncumoniae, and Bacillus polymyxa, suggesting that in vivo studies of Component I 
of nitrogenase may be feasible generally. 

INTRODUCTION 

NICHOLAS et aL 1 examined fractions fronl Clostridium pasteurianum and Azoto- 
bacter vinelandii and noted several EPR signals near g -- 2, from cells grown under 
N2-fixing conditions. Changes in these signals were seen in spectra of ammonia-grown 
cells. In the intervening period SHETHNA and co-workers 2-a and DERVARTANIAN cl al. 5 
have described iron sulfur proteins and a flavoprotein from Azotobacter whict) on 
reduction yield signals in this spectral region. PALMER et al. G and HARDY el al. 7 have 
also described EPR signals near g = 2 from purified iron-sulfur proteins from C. pas- 
tcurianum. Some or all of these proteins may be electron carriers during nitrogen 
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fixation, but only recently have E P R  spectra of purified nitrogenase components 
been reported. HARDY et al. s have detected E P R  signals at g values of 4-33, 3.67, 
2.Ol, and 1.94 in crystalline Component I of A. vinelandii nitrogenase, at 4°K. 
DALTON ct al2 subsequently reported an E P R  spectrum of purified Component I of 
C. pastcurianurn nitrogenase. 

The repression and derepression of the nitrogenase system in Azotobacter was 
studied by STRANDBERG AND \VILSON 1°, who reported growth rates of whole cells and 
activity of cell-free extracts. More recently SHAH et al. n have determined quantita- 
tively the time-course of derepression and repression of the Azotobacter nitrogenase. 
The technique of growing cells on limiting ammonia ~°, 12 can be conveniently applied 
in large- or small-scale cultures with comparable results. I t  has also been used under 
conditions where active fixation of N 2 is impossible, under He-O2 with wild-type 
organisms ~° and under air with mutants  ~a. 

We have examined the E P R  signals of whole cells of Azotobacter grown on N.., 

a n d  a n l n l o n i u m  acetate over the range of temperatures from 4.2-Ioo°K.  In this 
comnmnication we describe the changes in the signals near g = 4.3 and 3.6, observed 
at relatively low temperatures, during the course of repression and derepression, and 
we compare these observations on whole cells with results we obtained using crystal- 
line i ron-molybdenum protein obtained from N2-grown cells. We also report the 
presence of similar signals, which we believe are due to Component I of nitrogenase, 
in nitrogen-fixing cells of C. pasteurianum, Kk'bsidla p~wumoniae, and Bacillus 
poO'my.va. 

MF.THOI)S  

A. vinelandii OP, C. pasteurianum W5, B. polynLvxa (Him)), K. pneumoJ, iac 
M5ai, were all obtained from the collection of P. W. Wilson. They were grown as 
previously described t°, a4,1.~. Details of derepression and repression are given by SHAH 
~,! al. 1 '  

Preparations of extracts '6 and chromatograptdc separation of tim iron molyb- 
denum (Component I) and iron-protein (Component II) by the method of BULEX 
A~D LECoMTE': was carried out with the modifications described by SHAH et al. n. 
('rvstallization of the Component I was done by a modification (V. K. SHAH aa'D 
\V. J. BRILL, unpublished result) of the method of B~rRxs et al} s. 

Assays for N,, and acetylene-reduction were carried out as described by SHAH 
et al}L Activities are expressed as 2-electron /,equivalents (/~equiv) transferred per 
rain, per ml of packed cells or per mg purified Component I, measured at 3 °0 with 
saturating levels of substrates and Component II.  Small amounts of Component I 
were t i trated against an excess of Component I I  to determine the specific activity of 
Component I. The most active preparations had an activity of more than I . I5 and 
0. 9/ ,equiv/min per mg protein of Component I and II ,  respectively. Activities in 
whole cells were estimated from the activities in extracts, assuming better than 95 °o 
breakage and equipartition of activity between supernatant fraction and pellet during 
centrifugation of the osmotic lysate (ref. I6; L. C. DAVIS, unpublished experiments). 
The highest observed activity was about 5 #equiv/min per ml packed cells (sedimented 
6 rain at 800 × g). One ml packed cells contains 1. 4- lO w cells and this is equivalent 
to 65 mg of extract protein when lysed by osmotic shock. 
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Antiserum to Component I was prepared in female New Zealand white rabbits 
3 months old at the first injection. Four  rabbits received subcutaneous injections each 
with I ml of emulsion made up of 0.5 nil (I.o mg) of purified Component I in o.o25 M 
Tris-HC1 buffer (pH 7.4), containing o.25 M NaC1 pMs o.5 ud of complete l : r tund 's  
adjuvant .  After I week, another i mg of purified Component i suspended in Freund'~ 
conlplete ad juvant  was injected subcutaneously at 4 sites in each rabbit, l:(~ur mor~ 
intravenous injections of o. 5 mg Component I in o.o25 M Tris--HCl buffer (pH 7.4), 
containing o.25 M NaCI, were administered at weekly intervals. 5-inl blood samples 
were taken from the marginal ear vein IO days after the final injection. The animals 
were bled by heart  puncture 8 weeks after the first injection and the whole serum 
separated by centrifugation at 2oooo ~ g for 2o rain after clotting. The seruln from 
each rabbit  was collected separately and o.I rag/1 merthiolate was added. Each 
rabbit 's  serum was divided into several 2.5-ml fractions so that  freezing and thawing 
of the serum sample would not cause deterioration of an entire lot. 

Quanti tat ion of the levels of Component I present in extracts  was done using 
Preer tubes'". Whole serum was diluted with an equal quant i ty  of 4 M glycerol in 
o.o25 M Tris~-HC1 buffer (pH 7.4) and 2o #1 layered into the bot tom of a 4-ram (outer 
diameter) Preer tube. Over this was layered a 6-toni colunm (about 3o/~1) of a fa r  
medium prepared with o.o25 lXl Tris-HCI buffer (pH 7.5), containing o. 9 ° o NaCI, 
o.o2 % NaN~ and 1. 5 °o Bacto purified agal. Appropriate  dilutions of extract  or puri- 
fied Component I were layered on the a fa r  and the tubes were sealed with plasticine. 
The positions of precipitin lines were determined at 48 and 72 h. C(mcentrations were 
est imated by comparison to dilutions of extract  and purified Component I of kn .wn 
act ivi ty  and protein concentrations. 

Aerylamide-gel eleetrophoresis in the Ortee electrophoresis system was carried 
out on 8 % cross-linked gel with oJ cross-linked streaking gel with o.o65 M Tris . o  

borate buffer (pH 9.o) in the reservoiis and o.025 M Tris-HC1 buffer (pH 7.4) in the 
gels. The upper reservoir contained o.3 nlg/ml of dithionite. Iron containing bands 
were detected using bipyridyl (J. WS:SIPHAL, I.. C. DAvls, V. K. SHAH AXO \V. J. 
BI~ILC, unpublished results) and protein was stained with aniline black. Protein 
concentrations were determined by the method of LOWRY et al. 2°. 

E P R  spectroscopy with IOO kHz field modulat ion was carried out at X-band 
essentially as previously described 21-2a. Portions of cell paste were suspended in an 
equal weight of o.o25 M Tris buffer, transferred to 4.8-ram (outer diameter) quartz 
tubes with a Pasteur  pipette, and centrifuged 6 min at 8oo × g in a clinical centrifuge 
to give a firmly packed pellet. The supernatant  solution was removed with a pipette 
and the pellet was frozen in liquid N 2. Samples were stored under liquid N 2 until use. 

Cell extracts and purified enzyme fractions were transferred to quartz tubes 
under Ar. The tubes were placed in a pyrex tube fitted with a rubber septum in the 
top and a ground-glass sidearm connecting to a vacuum-gas manifold. After evacu- 
ating and flushing 5 or 6 times, the sample was injected into the quartz  tube through 
the rubber septum from a syringe fitted with a 22-gauge needle. While a brisk flow 
of Ar was maintained, the septum was removed and the quartz  tube was withdrawn 
with a fine tapered rubber stopper. The sample was then frozen in liquid N~ and 
stored under liquid N 2 until use. Experiments  in which material was recovered from 
the tubes, after E P R  spectra were taken, indicated tha t  this arrangement  excluded O.~ 
sufficiently to preserve the activi ty of extracts and enzyme fractions. More elaborate 
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appa ra tu s  (cf. ref. 24) is requi red  for exper iments  in which the  oxida t ion  s ta te  of 
purif ied components  is ad jus ted ,  and  this  will be descr ibed in a subsequent  publi-  
cation.  

I;:ESULTS AND DISCUSSION 

P~,rifi,'d Compo~ent I 
Purif ied Component  I of Azo tobac te r  ni t rogenase was examined  at  several  

t empera tu re s  from 4.2 to  4o°K.  Fig. I shows E P R  spec t ra  from a sample  observed 
at  4.2 and I 3 ° K .  Three  p rominen t  spectra l  fea tures  can be seen at  g - -  4.32, 3.65, 
and  2.oi .  Addi t ion  of sodium di th ioni te  to Component  I d id  not  produce addi t iona l  
resonances nor d id  i t  a l ter  the  signal a l r eady  present  (@ ref. 8). At  13 ° one could 
discern indicat ions of o ther  smaller  signals on e i ther  side of the  g = 2.Ol resonance 
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Fig. J. t£Pl{ spec t ra  of pur i f ied  ,4. vinelandii  ni t rogenase  Componen t  1 as well as reduced C. acidi 
urici ferredoxin.  The o rd ina te  is a l inear  funct ion  of dX"/dI-I  (ref. 24) ; the  abscissa is l inear  in 
appl ied  m a g n e t i c  field. The cor responding  g values  a t  several  field posi t ions  are m a r k e d  along 
the  abscissa. Top:  Componen t  I, 7 n lg /ml  in o.25 M NaCI in o.o25 M Tris HCt buffer (pH 7.4); 
t empe ra tu r e ,  ~3°K;  microwave  power, 2. 7 roW; re la t ive  i n s t r u m e n t  gain,  5 o. Middle:  C. acidi- 
uvici ferredoxin 27, o.82 mM in o. I M Tris-HC1 buffer (pH 8), reduced w i t h  excess sodium d i th ion i te  ; 
t empe ra tu r e ,  4.2 K;  mic rowave  power, o.27 re\V; gain,  I. B o t t o m :  Component  I as in top  spec- 
t rum,  bu t  a t  4.2 ° K; microwave  power, o.27 m W ;  gain,  2o. Other  condi t ions  of E P R  spec t roscopy 
were:  modu la t ion  ampl i tude ,  6 gauss;  t ime  cons tan t ,  o.25 sec; field sweep rate ,  ~ooo gauss / ra in ;  
k lys t rou  frequency,  9 ioo  MHz. 

but  we could not  elicit these  in more definite form b y  a l te ra t ions  of power  or t empera -  
ture.  They  m a y  represent  small  amounts  of con tamina t ing  i ron-su l fur  proteins,  and  
a s imilar  phenomenon m a y  expla in  the  observa t ion  of signals near  g - -  1.94 in ad- 
d i t ion to the  g = 2.Ol resonance,  r epor ted  by  others  8,9. To i l lus t ra te  the  possibi l i t ies  
in this  d i rect ion we have included in Fig. I a spec t rum of reduced ferredoxin f rom 
C. acidi-urici 25, 26 which because  of i ts  wid th  and complex i ty  also shows how the  region 
near  g = 2 can be obscured in spec t ra  f rom whole cells when ferredoxins  and o ther  
i ron-su l fur  prote ins  are present .  An addi t iona l  complicat ion is p rov ided  by  the fact,  
also r epor ted  by  othersS,9, 27, t ha t  O2 dena tu ra t ion  of Component  I leads to  dis- 
appearance  of the  signals shown, and the appearance  of a large nar row signal a t  
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g = 2, as well as a signal near g = 4.3. This latter signal is of a type found in com- 
pounds containing high-spin iron in a rhombic site (@ ref. 28). Partial O~ inactivation 
of Component I during preparation can, of course, contribute spectral features of 
this type, further complicating the interpretation of the properties of less pure prepa- 
rations. We will report later our studies now in progress, on the quantitation of un- 
paired spins, oxidative titrations, and the interaction of the protein with other com- 
ponents of the nitrogenase reaction. 

We have also exanfined frozen suspensions ot crystals of Component i, and find 
only a weak signal of the type shown in Fig. z, compared to the expected size of 
the signal based on the protein present. Solution of the crystals }%lded a normal 
sized spectrum expected from the corresponding protein concentration. Whether these 
observations are an artifact due to an unfavorable position of the crystals in the 
microwave field caused by fractionation of the suspension during freezing, or whether 
they indicate a difference between the crystal and the dissolved states of the protcilL 
we are at present unable to say. 

The nature of the center responsible for the EPR signal is not yet clearS, :'.-°7 
although the large anisotropy of the g values and the departure of the average g value 
from the free-electron value certainly suggest a transition metal complex containing 
the iron and/or the molybdenum atoms found in this protein. The reported magnetic 
susceptibility results on Conlponent i of Azo, tobacter (3 Bohr magneton per ir~m 
atom s) are consistent with a number of schemes involving isolated atoms, some in 
the high-spin and some in the low-spin state, and/or clusters of the type now thought 
prevalent in ferredoxins -°". 

Observations on whole cells general features 
Whole cells of A.  vi~zdandii exhibit readily observable EPR signals near g ~ 4.3 

Nilroqen Source 

~ _ , J L ,  J ?' N2 

'1 S 
, / 

, i  

_/,,/' 'L.,./! 0 NO 3- 
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Fig. 2. E P R  spectra of A. vinelandii cells grown under  air with the following additions (quantitie~ 
are 4o0 •glml ammonia-N equivalents) : Top spectrum, no addition ; second spectrum, L-aspara- 
gine; third spectrum, potass ium nitrate;  bo t tom spectrum, a mmon ium acetate. The samples were 
prepared as described in the text .  Conditions of EPIR spectroscopy were, for all spectra:  tempera- 
ture, 13 ° K; microwave power, 2. 7 m'vV; ins t rument  gain, the sanle for all samples; modulat ion 
amplitude, 6 gauss; t ime constant ,  o. 5 sec; field sweep rate, iooo gauss/min;  klystron frequency, 
91oo MHz; presentat ion of spectra, as in Fig. I. 
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when grown on N 2 as the  sole source of ni t rogen and subsequent ly  exanl ined  at  
t e m p e r a t u r e s  below 4 ° ° K. Fig. 2 depic ts  the  signals seen at  g --- 4.3 and 3.65 in packed  
Azo tobac t e r  cells thus  prepared .  In  confi rmat ion of previous s tudies  3°, a we have 
found tha t  there  is no de tec tab le  ni t rogenase  synthes is  so long as there  is an adequa te  
supp ly  of ammonia  in the  medium.  I t  is to be expec ted  t ha t  when cells are grown on 
poor ni t rogen sources such as n i t ra te  or asparagine,  the  ni t rogenase is derepressed to 
some extent .  Fig. 2 also shows the signals ob ta ined  from cells of Azotobae te r  grown 
in the  presence of air  as well as the  ind ica ted  amounts  of asparagine,  po tass ium 
n i t ra te ,  or a m m o n i u m  acetate .  As evidenced by  the  major  E P R  signals at  g is 4.3 
and 3.65, the  presence of asparagine  and n i t ra te  at  these levels does not  fully repress  
Component  I synthesis ,  whereas  the  absence of signal in tens i ty  near  g = 3.65 in the  
ammonia-grown cells suggests  t ha t  Component  I synthesis  is fully repressed under  
these  condi t ions in agreement  with previous  work  3°, a .  The remain ing  signal a t  g = 4.3, 
as well as the  smal ler  signals near  4.8 and 4.o, m a y  be associa ted with iron compounds  2s 
o ther  than  ni t rogenase.  The absence of the  small  signal near  g = 4 in spec t ra  from 
n i t ra te  grown cells is a t  present  unexpla ined .  

We examined  cells of C. pasteurianum, K. pneumoniae, and B. po(vmyxa, com- 
par ing  the E P R  spec t ra  at  z 3 ° K  from cells grown in the  presence of ammonia  as well 
as cells grown under  condit ions where n i t rogen fixation was t ak ing  place. The ap- 
pa ren t  g values for wha t  we bel ieve is the  ni t rogenase  Component  I in these organisms,  
present  when the  cells fix ni trogen,  are given in Table  I. The values for C. pasteurianum 
agree wi th  those of purif ied Component  I (M.-Y. Tso  AND W. H. O R M E - J O H N S O N ,  

unpubl i shed  results).  For  these organisms,  as for Azotobac ter ,  a number  of o ther  
resonances obscure the  expec ted  th i rd  resonance at  g = 2, when whole cells are 
examined .  

T A B L E  1 

P R O M I N E N T  LO\V F I E L D  E P R  R E S O N A N C E S  IN ~'NTB-GROVv'N O R G A N I S M S  

T h e  o r g a n i s m s  w e r e  g r o w n  as  d e s c r i b e d  u n d e r  METHODS o n  m i n i m a l  m e d i u m  u n s u p p l e m e n t e d  
w i t h  c o m b i n e d  n i t r o g e n .  A p p r o p r i a t e  c o n t r o l s  w e r e  g r o w n  w i t h  a d d e d  a m m o n i u m  s a l t s  a n d  
e x a m i n e d  f o r  E P R .  g v a l u e s  w e r e  m e a s u r e d  w i t h  a p r o t o n  N M R  g a u s s m e t e r  a n d  k l y s t r o n  f r e q u e n c y  
c o u n t e r  24. 

Organism 

.4. vinelandii O P  
C. pasteurianum \V 5 
K. pneumoniae M 5 a l  
t¢. polymyxa ( H i n o )  

g value of E P R  extrema 

4 . 3 4 ;  3 .7  I ,  3 .6o* 
4 . 2 9 ;  3 .85 ,  3.7 ° *  
4 . 3 2 ;  3 .69 ,  3 - 5 7 "  
4 . 3 7 ;  3 .o2 , 3 . 4 3 "  ** 

* M i n i n m ;  cj*. F ig .  x. 
* * T h i s  s p e c t r u m  c o n t a i n s  a d d i t i o n a l  p r o m i n e n t  p e a k s  a t  g = 4-94  a n d  3-75.  

We concluded from these s tudies  t ha t  E P R  signals in this  spectra l  region would 
serve as useful indica tors  of the  levels of Component  I of ni t rogenase,  pa r t i cu la r ly  
since the  resonance near  g = 3.65 is re la t ive ly  free of interference from the  residual  
signals found with  ful ly  repressed cells, and  we proceeded to  examine  the t ime-course  
of appearance  and d i sappearance  of this  center  dur ing repression and derepression of 
n i t rogenase  as previous ly  descr ibed u. 
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Derepression and repression of nitrogenase 
SHAH et al. H have devised precise methods for quantitation of activity in ex- 

tracts during derepression and repression of nitrogenase activity. The determination 
of acetylene reduction is sensitive to activities of I nmole/3o rain which is about 
I/IOOOO the fully derepressed activity. Reliability of this measurement on different 
extracts is only about ~ 5 % because of variations in breakage rate, extract volume, 
as well as possible 02 inactivation. N2 reduction assays are I/2o as sensitive and may 
be considerably less accurate because of relatively high levels of free ammonia in 
extracts, which give large blank values. The imnmnodiffusion technique with Preer 
tubes is sensitive to about 1% of the fully derepressed level of Component I but 
accuracy is lowered by the necessity of measuring small changes in precipitin band 
position. Errors of -L 5 % in a dilution series are not uncommon. The advantage of 
the Preer-tube estimation of iron-molybdenum protein is that  it does not require 
active enzyme since the reaction is carried out aerobically and oxygenation of an 
extract does not change the precipitin pattern. The accuracy of E P R  measurements, 
assuming the use of calibrated tubes, good temperature control, and careful positioning 
within the E P R  cavity, mav be better than -1:5 % (ref. z4). The precision of measure- 
ments on a given sample from dav to day were found to be ~ 3 % or better. EPR 

/' 
! i  
/ I  
/ I / , 

~ . . . ~  I~// 30 min 

i I 

60 rain 

~ 80 min 

I ' i ~ . /  '1, I00 min 

/~, 'i 120 rain 
/ 

' j r  

4'.3 3)65 

Fig. 3. E P R  spec t ra  of A. vinelandii cells grown unde r  air in the  presence of a m m o n i u m  ace ta te  
(9o # g / m l  ammonia -N)  and  s u b s e q u e n t l y  allowed to deplete  the  combined  n i t rogen to a level 
where  derepress ion of n i t rogenase  took place. T ime  zero is defined as when  a m m o n i a  is exhaus t ed  
f rom the  med ium.  The  t imes  a t  which  samples  were t aken  are ma rked  a long the  r ight  side ot 
t he  figure. P repa ra t ion  of samples ,  p re sen ta t ion  of spectra ,  and  condi t ions  of E P R  spect roscopy 
were t he  same  as in Fig. 2, except  t h a t  the  sweep ra te  was 4oo gauss/ ra in ,  and  t he  b o t t o m  spec t rum 
was recorded a t  0.9 t imes  the  gain of the  o ther  spectra .  

Biochirn. Biophys. Acla, 256 (~972) 512-523 



EPR oF NITROGENASE 519 

spectroscopy is thus comparable in accuracy to the other methods of evaluation of 
nitrogenase Component I, and the sensitivity (I % of fully derepressed levels of nitro- 
genase in whole cells is detectable) is adequate for the present purposes. 

Fig. 3 shows the low-field signals of whole cells before and after derepression. 
The earliest timepoint corresponds to a level of ammonia-N in the growth medium 
of 24 #g/ml, which is insufficient to repress nitrogenase in continuous cultures a° but 
which is sufficient to maintain repression in batch cultures TM. 

The signal observed at g = 4.3 is clearly different from that at g = 4.3 in N 2- 
grown cells (Fig. 2) in its temperature dependence and saturation with power. The 
signal seen at the outset of derepression also has a much greater intensity than the 
g 4.3 signal seen in cells grown with excess ammonia at the same cell density. 
I t  may in part represent an iron uptake or binding material in cells depleting their 
source of combined nitrogen. The presence of this signal in ceils during derepression 
makes ambiguous the interpretation of spectra obtained at only one temperature. 
We therefore have examined the behavior of the signal as a function of temperature 
and power. There does not appear to be significant interference by other signals with 
the portion of the Component I signal observed at g = 3.65, when the temperature 
was varied from 4.2 to 27°K and the power was varied from 3 to 3000 #W at 4.2 °. 
We have therefore used the relative size of the g = 3.65 signal as a measure of the 
nitrogenase activity in the cells and we have compared these determinations with 
the activity obtained in extracts and with Preer-tube quantitation of the concen- 
tration of the Component I in extracts. The results of this comparison are summarized 
in Table If. There appears to be reasonable agreement between the several measures 
of activity. 

The rise and fall in the levels of nitrogenase activity found in extracts at long 
times after derepression appear to be quite real. We are unable to distinguish between 
several possible causes: (I) Derepression may lead to a rapid increase in nitrogenase 
activity which sufficiently raises the level of ammonia internally to subsequently 

T ABLI'." I I  

D E R E P R E S S I O N  O F  N I T R O G E N A S E  I N  ~ - Z O T O B A C T E R  

All va lues  are expressed re la t ive  to  the  a c t i v i t y  of the  t2o-min  sample.  This corresponds to  
approx.  4 . 8 / i e q u i v  (2-electron change) subs t r a t e  reduced per  nfin per  g cells, based on the  average  
of ace ty lene  and n i t rogen  reduc t ion  ac t iv i t ies .  The e x t r a c t  a t  t2o min  showed an a c t i v i t y  of 
68 n e q u i v / m i n  per mg protein,  assayed  as descr ibed by  SHAH et al. u. Cross-react ing ma te r i a l  
was  de te rmined  by  serial d i lu t ion  in Preer  tubes.  

Time Acetylene Nitrogen Cross-reacting E P R  
( m i~! reduction reduction material signal * 

0 0 0 0 0 

3 0 0 0 0 0 

0o 5 .6 5 .6 5 5-5 
8o 34 42 43 43 

1 o o  79 82 75 76 
1 2 0  1 O O  I O O  I O O  I O O  

18o 9o 97 85 lO8 
240 79 75 73 69 

* P e a k  to  peak  amp l i t udes  of g = 3.65 signal.  
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partially delay synthesis of further material. (2) The high cell density at later times 
may  lead to changes in physiological state of the cells, principally due to changes 
in O2 tension in the culture (J. L. PATE AND W. J. BRILL, unpublished observation). 
(3) The specific activities could vary  by initial depletion of the soluble protein pool 
and subsequent re-enrichment, giving an artifactual increase in specific activities. 
Other  experiments, such as the repression experiment shown in Table I I I ,  suggest 
tha t  the first explanation is the most likely, since s teady growth on N., to the same 
cell density as found in the early times of derepression yields extracts with specific 
activities no higher than those found at the latest point in the derepression experi- 
ment. Cultures grown in small baffled flasks on N,, have activities like those at time 
zero of repression, as do cells obtained from 6o-1 fermenters. 

T A B L E  I I I  

REPRESSION OF NITROGENASE IN AZOTOBACTER 

Activities are all expressed relative to the activity of the o-h samples, as determined at op t imum 
act ivi ty  as described by  SHAH el al. n .  The o-h sample had an activity of 3.2/ tmoles electrons 
transferred per rain per g cells based on the average of acetylene and nitrogen reduction. The 
ext rac t  of this sample had a specific activity of 45 nmoles/min per mg protein. Cross-reacting 
material  was determined by  serial dilution in Preer tubes. 

. m  

Time Dithionit¢ Acetylene Nitrogen Cross-reacting E P R  
(rain) oxidation reduction reduction material sig~ml * 

1) 1 o o  1 o o  I o o  i o o  1 o o  

60 60 64 70 73 o7 
~2o 4 ° 41 37 60 4 z 
180 20 24 32 5 ° 25 
240 to 8. 5 15 4 ° 1o 
3oo 3 4-5 4 33 4.5 

* Peak to peak amplitude of g = 3.65 signal. 

In contrast  to tile results obtained during derepression of the nitrogenase 
system where all the measures of act ivi ty were in agreement, the results obtained 
during repression showed a marked difference (Table I I I ) .  Act ivi ty  as measured by 
dithionite oxidation, acetylene reduction or nitrogen fixation, fell rapidly after the 
addition of ammonia  to the growth medium n. The parallel fall of all the activities 
indicated that  the repression did not lead to specific inhibition of the ability to use 
reducible substrates but  affected all the measurable functions of the nitrogenase. Tile 
E P R  signal (Fig. 4) fell in direct proportion to the act ivi ty measured in these three 
ways. 

The loss of the E P R  signal in parallel to act ivi ty  after repression suggests that  
the paramagnetic  center being observed is present only in the active species of Com- 
ponent  I of nitrogenase. After 5 h there was a 95 % loss of activity, al though less 
than two generations had elapsed. The cross-reacting material, when detected by 
Preer tube dilutions, fell at a much slower rate which was completely consistent with 
simple dilution. I t  appears then, tha t  during repression of nitrogenase there is a rapid 
mechanism of Component I inactivation, including alteration of the paramagnet ic  
site near g = 4, followed by  a slower process in which the protein portion is finally 
broken down and reutilized. The most  obvious mechanism by  which the rapid in- 
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ac t i va t i on  would  occur  is O 2 dena tu ra t ion  (cf. refs. 21 and 3o), bu t  these studies do 
not  pe rmi t  us to say if this  happened.  SHAH et al. ~ presented  evidence t ha t  the  loss 
of a c t i v i t y  was not  caused by  des t ruc t ion  of Component  I I  alone, a l though it  is known 
to be more 0,, sensi t ive t han  Component  I. J .  WESTPHAL, L. C. DAVIS, V. K. SHAH 
AND W. J. BRILL (unpubl ished observat ions)  have observed changes in the  electro- 
phore t ic  mobi l i ty  of the  i ron-conta in ing band  corresponding to Component  I when 
the ex t rac t  is sub jec t  to oxidizing condit ions.  A similar  change occurs after  long t imes  
of repression (more than  o.5 generat ion) suggesting t ha t  the ni t rogenase sys tem is 
no longer p ro tec ted  agains t  O2 after  repression of synthesis.  

/ 

0rain 

4.3 ::£65 
t:i~z. 4. ILPIt spectra of A.  vinelandii cells grown in the presence of air under N2-fixing conditions 
to a turbidity of 3-7' lOS cells/ml, after which ammonium acetate (13 ° #g/ml N) was introduced 
to repress nitrogenase. The times after addition of ammonia are noted along the right-hand edge 
of the figure, mid the instrument gains utilized are marked along the left-hand edge. Preparation 
of samples, presentation ot spectra, and conditions of EPR spectroscopy were as noted in the 
legend to Fig. 3. 

The E P R  signals descr ibed here do not  appea r  to require the  presence of Com- 
ponent  I I .  The isolated,  purif ied Component  I I  does not  appear  to have any signals 
in the low-field region ~2 t ha t  can be convenien t ly  de tec ted  in whole cells and  we can 
thus  say noth ing  on the basis  of E P R  abou t  the appearance  and d isappearance  of 
C~mponent  I I  dur ing derepression and repression. De te rmina t ion  of act ivi t ies  in 
ex t rac t s  previous ly  descr ibed n indicate  tha t  the two components  appear  and  dis- 
appea r  in paral lel ,  wi th in  the  l imits  de te rmined  b y  our assay systems.  The only ex- 
cept ion to this  might  be a m u t a n t  such as U W l o  which lacks Component  I ac t iv i ty  1~, 
bu t  which possesses Component  I I .  

Studies  of changes in the  signal of Component  I as a function of ox ida t ion  s ta te  
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a n d  d u r i n g  in  vitro n i t r o g e n  f ixa t ion ,  as well  as f u r t h e r  s t u d i e s  on  t h e  comp( )n t ' n t  

u n d e r  v a r i o u s  p h y s i o l o g i c a l  c o n d i t i o n s  i n  vivo a re  al l  o b v i o u s  p o t e n t i a l  seque l s  t,, 

t h e s e  f ind ings .  A l t h o u g h  t h e  s ignal ,  or  a s i m i l a r  one,  is p r e s e n t  in  o t h e r  N2-f ix ing  

o r g a n i s m s  e x a m i n e d ,  i n t e r p r e t a t i o n  of s p e c t r a  a w a i t s  p u r i f i c a t i o n  of C o m p o n e n t  I 

f r o m  t h e s e  sou rces  s ince  t h e  h igh- f i e ld  r e s o n a n c e s  a re  n o t  eas i ly  r e s o l v a b l e  in wh,)le 

cells. E x a m i n a t i o n  of t h e  E P R  p r o p e r t i e s  of A z o t o b a c t e r  m u t a n t s  u n a b l e  t() fix 

n i t r o g e n  Ia in  p a r t i c u l a r  s h o u l d  l ead  to  i d e n t i f i c a t i o n  of c lasses  of n m t a n t s  h a v i n g  

C o m p o n e n t  I b u t  de f i c i en t  in  some  o t h e r  p a r t  of t h e  s y s t e m ,  or  w i t h  a p a r t i a l l y  

ef fec t ive ,  mod i f i ed  C o m p o n e n t  I. 
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