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SUMMARY 

T h e  h y d r o g e n  inh ib i t ion  of n i t rogen  f ixat ion in cu l tures  of A zolobacter v inelandi i  ha.~ 
been  r e -examined .  H y d r o g e n  caused  a lag in the  r a t e  of n i t rogen  increase of t h e  
cu l tu re s  a t  low pN 2, b u t  n o t  a t  h igh  pN2. W h e n  t h e  cells were a d a p t e d  to  H 2, the  lag 
a t  low pN a was  e l imina ted ,  and  n i t rogen  increase was  exponent ia l .  

H ~ - a d a p t e d  cells were g rown a t  v a r y i n g  pN 2 wi th  and  w i t h o u t  H 2 a n d  the  cell 
n i t rogen  was  measu red .  Kine t ic  analysi~ of r i t e - r a t e  cons t an t s  so o b t a i n e d  z ho,.ved 
t h a t  t h e  inh ib i t ion  was  no t  of the  compe t i t i ve  t y p e  p rev ious ly  repor ted .  

T h e  reasons  for differences be tween  this  and  ear l ier  work  h a v e  been discussed,  
w i th  p a r t i c u l a r  reference to  the  possible p roduc t ion  of different ial  oxygen  concen t ra -  
tion.c a t  different  p'N 2, a n d  to  the  effects of H 2 in induc ing  lags in n i t rogen  increase a n d  
in a l t e r ing  the  Qo,(N) .  

INTRODUCTION 

H y d r o g e n  was  or iginal ly  ident if ied as an  inh ib i to r  of n i t rogen  f ixat ion in n o d u l a t e d  
legumesa,  a. F u r t h e r  e x p e r i m e n t s  also wi th  legumes  sugges ted  a c o m p e t i t i v e  re la t ion-  
sh ip  be tween  H a a n d  N~a. 4. Conf i rmat ion  of the  compe t i t i ve  n a t u r e  of the  inhib i t ion  
was  o b t a i n e d  us ing  A z o t o b a c t e r  cu l tu res  in place of the  more  complex  symbio t i c  
systemS, 6. W h i l s t  t h e  m e t h o d s  used wi th  A z o t o b a c t e r  inc luded  some direct  e s t i m a t i o n s  
of n i t rogen  fixed, t h e y  were  p r inc ipa l ly  indi rec t  and  used  resp i ra t ion  as a measu re  of 
n i t rogen  £xa t ion .  H y d r o g e n  has  since been shown to inhib i t  the  f ixat ion of n i t rogen  
b y  a n u m b e r  of different  o rgan i sms :  Clostr id ium #as l eur ianum 7, Nostoc muscorum a. 
Rbodosp ir i l lum rubrum 9, A erobacter aerogenes lo, A chromobacter spp.lX and  a Clos t r id ium 
slap. 12 In  A e r o b a c t e r  ~° and  in C!ostfidium7, xz the  inh ib i t ion  has  been repor ted  to  be  
compe t i t i ve .  T h e  evidence  wi th  the  l a t t e r  two  o rgan i sms  is less convinc ing  t h a n  t h a t  
w i t h  A z o t o b a c t e r  because  (a) the i r  e x p e r i m e n t a l  g r o w t h  ra tes  were  v e r y  slow and  (b) 
these  o rgan i sms  themse lves  evolve  H 2 in the i r  anaerob ic  me tabo l i sm.  

i n  t he  a u t o t r o p h  Des,dphovibrio desulphuricans,  no inh ib i t ion  of n i t rogen  
f ixat ion b y  H a was  de t ec t ed  13. 2~lethanobactcrium omel iansk i i  fixes N a while reduc ing  
C O ,  wi th  H a in the  synthes is  of c a r b o h y d r a t e s  and ,  in the  absence  of organic  sub- 

" Present address: Microbiology Unit, Department of Biochemistry, University of Oxford, 
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s t m t e s , t t h v ~ e n t  for H~ is absolute x*. I t  therefore seems unlikely t ha t  H~ will 
inhibftmln~__~rnfik~tion in this organism. Fu r the r  doubt  is cast  on the role of Hz as a 
c o n ~  iifliiBitoln of  Ne fixation by its lack of inhibition in cell-free ext rac ts  of 
CtostTitthmt~t;.  

I ] r i ~ e ~ o n ~ o f ' =  N z to ammonia  appears  to be the most probable pa thway  by 
w h i e i a m i m ~  ffixation occurs~L BAYLISS m has shown tha t  the reduction of N~ to 
ammmiia  tiam~ m f ~ o r a b l e  free energy change, and t h a t  nitrogen can therefore be 
regarbl~ld~s~amnox~i¢lant in this process. Competit ion between O~ and Nz repor ted by 
:PAaxtia~:~-a3 ~ux~,* : ' suppor ts  this view, and suggests t ha t  the enzyme "ni t rogenase"  
mayttmxeeoib~n-~Wanities wi th  an oxidase t han  with  hydrogenase. 

~tce~im~ttm~liydrogenase and nitrogenase may  be identical has been criticised z° 
o n r t h e t f d l t n ~ u n d s  : (a) other  non-nitrogen fixing organisms contain hydrogenase,  
(b) i h y ~ ~ , i n ~ z - ~ m o t o b a c t e r  and Clostridium is equally active with  molybdenum 
or \ ~ ¢ h  Xr~-mmfiima~. whereas nitrogen fixation is inhabited by vanadium,  (3) iron 
deficiency ~_a__~, inhibition of both  nitrogen fixation and hydrogenase act ivi ty,  
w h ~ ~ d t m u m  deficiency reduces nitrogen fixation bu t  not hydrogenase action. 

~9,rt~m~s~igation of the hydrogen effect on nitrogen fixation therefore seemed 
warmrtt~,.4hz~t~Caeter v i n d a n d i i  was used in this work because under  the  conditions 
of, otrr,~33i~/mma~,i~ oxidises carbohydra te  quan t i t a t ive ly  and  therefore lends itself 
to~stuttiesih,WCa~mqg:flasks where the composition of the gas phase can be controlled. 
. . . . . . . .  ,, ~ ....... n~ ^* m~asu~ement of the bacter ial  ni trogen under  these c o n -  L I LJ~.~L ~' . . . . . . . . . . .  

d.ffirm.~Ugl~etA t t i a t  H~ is not  a competi t ive inhibitor  of ni trogen f i~ t io~ .  

METHODS 

The, ~ ~  u~ed ~ was A.  v ine landi i  s t ra in  O, kindly made available by Professor 
P.',.~L \ ~ i x ~ t ~  . .~vigorous culture was preserved in ampoules by vacuum-dry ing  and 
w ~ s ~ T e c m ~ i t ~ i i ~  frequent interv~!~ to reduce physiological var iabi l i ty  during the 
e ~ .  ~ e  experimental  cultures were aera ted  overnight  in M22 medium, 

• c c n t r i f i ~ t J  ~-~ 0oo= :< g for 5 rain, and the supe rna tan t  and non-flocculating cells 
r e m ~  2H~:. '. (~ii~-procedure prevented bacterial  agglut inat ion in the Warburg  flasks 
~ w ~ w ~ . ~ ~ m e n t s . )  ]'he cultures were then s tandardised to a known densi ty a t  
6oom~4z~antla~x~rectlagain for 2 h before use 19. 

Ga~6s 

~i~eli~:~Sa~ngon~was prepared commercially by electrolysis of hot NaOH solution 
ancl~wnm~_gmzma~ed:free of all impurit ies except  traces of oxygen. Argon was from the 
:Britigh~0k3T~m~(~o. Nitrogen was dry hospital  nitrogen containing less than 0. 5 % O~. 
TheipO.,,,t1$~eldttimnghout was o.15 atm. to provide adequate  oxygen during the course 
of:the~cx3j~_riincmts; wbilst allowing a reasonable rate of growth and respirationX~, ~l. 
T h e i ~ r ~ d f I ~ t ~ ( w h e n  used) was o.3 atm. ; the  balance of the gas to atmospheric 
ptesstrr~x~axvggn,  Gases  were stored over sa tu ra ted  NaCI solution. 

rrrntl~ffdttm~-ial!culture was shaken in each 25-mi flask. Gases were introduced 
i n t o t t h e f l t m ~ a ~ t t ~  each of three evac , a t ions  to 6 cm Hg pressure, using sa tu ra ted  
:NaEts~ht~n t t~ ,d i sp lace  the gas from the containers.  Oxygen up take  was measured 
!hy, zanvm~/mmllteehniques at  3 °° (see ref. 22). 
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Nitrogen analysis 

Ni t rogen  d e t e r m i n a t i o n s  were m a d e  by  an u l t r a -mic ro  K]e ldah l  m e f h o ~ ,  
modif ied f rom a m e t h o d  descr ibed  b y  CONWAY 94. 

R E S U L T S  

Experiment x" Type of bacterial growth with variovs gas mixtures 
t nitrogen at time t 

T h e  g r o w t h  r a t e  c o n s t a n t  k (defined b y  k ----/-in initial nitrogen ) c a n  on[y Lt~e 
used as a m e a s u r e  of t h e  r a t e  of n i t rogen  f ixat ion unde r  condi t ions  where  the  n ~ e n  
increase  is exponen t ia l .  T h e  r a t e  of increase of bac te r ia l  n i t rogen  was- therafm~e 
e x a m i n e d .  

Af te r  t he  g r o w t h  a n d  cen t r i fuga t ion  descr ibed  in METrtODS, the  o rgan i sm ,~ma~ 
exposed  to  gas  m i x t u r e s  con t a in ing  o.o3 a tm .  N 2 wi th  and  w i t h o u t  o. 3 arm.  I ~ .  
S ix teen  flasks rece ived  z ml  of A z o t o b a c t e r  cu l tu re  each. Twelve  were evacuatet i~anfl  
filled wi th  the  e x p e r i m e n t a l  gases, p laced  in the  b a t h ,  shaken  for x5 rain a n d  e q n i t i ~  
r a t ed .  T h e  r e m a i n i n g  four  flasks were  kil led a t  this point ,  to  p rov ide  values  ~firrrth~ 
in i t ia l  bac te r i a l  n i t rogen.  The  shaken  flasks, two f rom each gas  t r e a t m e n t ,  ~vce~ 
r e m o v e d  each h o u r  a n d  kil led immed ia t e ly .  Af t e r  3 h, all s ix teen cu l tures  ,v~re  
ana lysed  for t o t a l  n i t rogen ,  a n d  t h e  d a t a  p l o t t e d  in semi- logar i thmic  form. A ~ . ~ ~  

~ l o t  "-'s sho..wn in  Fig. x, where  i t  is seen t h a t  a lag phase  was  induced  in  t h e  rr'ate,6f 
increase  of cell n i t rogen  a t  the  low pN 2 in the  presence of  ki~, b u t  no t  ha ...... ~ - - ~  
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Fig,  z. I n d u c t i o n  o f  a l ag  p h a s e  b y  H 2 in t h e  
n i t r o g e n  i n c r e a s e  of  A.  vinelandii c u l t u r e s  a t  
0 .03  a t m  Na, G a s e s :  0 .03  a r m .  N z, o-~5 a t rn .  O z 
w i t h :  o .82  a t m .  A ( O - - O ) ;  0-3 a t m .  H= a n d  

o .5z  a t t n .  A ( 0 - - 0 ) .  
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Fig.  2, T h e  e f f ec t  o f  p N  e on  t h e  i ~ I ~ + ~ t l  
lag.  G a s e s :  e . I  5 a t m .  Oz,  o 3 a t t n .  i i t , , . ~ r t t h  
o. 15 a t m .  N= a n d  0. 4 a t t n .  A ( O - - O )  ; o . o 3 . a ~ .  

N~ a n d  0 .52  a t m .  A ( O - - - ~ ) .  
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Experiment  e: Effect of  p N 2  on H2-ivzduced lag 

T h e  effect of H2 on t h e  ra te  of n i t rogen  increase  in A z o t o b a c t e r  cu l tu res  u n d e r  
b o t h  h igh  (o.15 a tm.)  a n d  low (o.o 3 a tm.  ) p N ~  was  t hen  tes ted.  Fig. 2 is de r ived  f rom 
the  resul ts  of an e x p e r i m e n t  in which it  is shown t h a t  a t  the  h igher  pN 2 the  lag due  
to H 2 did  n e t  occur.  The  lag phase  induced  by  H~ a t  0.03 arm.  N2 is aga in  a p p a r e n t .  

Experiment  3 : Adaptation to H 2 

T h e  induc t ion  of lag b y  H 2 a t  low pN a prec ludes  analysis  of t h e  r a t e  c o n s t a n t s  
by  the  LINEWEAVER AND BORE z5 m e t h o d  unless this  lag  can be overcome.  To th is  
end  a modi f ica t ion  was  i n t r o d u c e d  in t h e  p r e - e x p e r i m e n t a l  ae ra t ion  procedure .  
The  d i lu ted  cu l tu res  were  g rown  in Io -ml  a l iquo ts  in two  zoo-ml  flasks s h a k e n  for 
2.5 h a t  3 °0 u n d e r  a gas  m i x t u r e  of the  fol lowing compos i t ion :  N 2, o.o 5 a t m . ;  0 2, 
o.15 a tm.  ; Hg, 0.3 a tm .  a n d  A, 0.5 a tm.  "the two  cu l tu res  were  c o m b i n e d  a n d  i - m i  
a l iquo ts  were  t a k e n  in to  the  25-ml  flasks, which  were t h e n  gassed  w i t h  the  fol lowing 
m i x t u r e :  Nz, o.o3 a rm.  ; 03,  o.15 a tm.  ; Ha, o.3 a tm.  a n d  A, o.52 arm.  F o u r  a l iquo t s  of 
the  ini t ia l  cu l tu re  were kil led as in E x p t .  I ,  a n d  two of the  shaken  cu l tu res  were  kil led 
eve ry  hal f  hour .  

Ni t roge~ ana lyses  were  ca r r ied  ou t  and  the  d a t a  p lo t t ed  s emi loga r i t hmica l l y  
(Fig. 3). The  p lo t  is l inear  and ,  as could be  expec t ed  f rom the  shape  of t h e  la te r  p a r t s  
of the  curves  in t h e  low n i t rogen  t r e a t m e n t s  of E x p t s .  x a n d  2, t h e  lag phase  was  
overcome.  
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Fig.  3. E l i m i n a t i o n  of  t h e  lag  b y  p r e - i n c u b a t i o n  of  cel ls  w i t h  H a. G a s  m i x t u r e s  a re  d e t a i l e d  in t h e  
t e x t .  

Experiment 4: Hydrogen-ni trogen interactions 

Cul tures  were  g rown by  ae ra t ion  ove rn igh t  a n d  cen t r i fuged  as in ~:xpt .  I .  F r o m  
this,  two io -ml  cu l tu res  were a d a p t e d  to  H e a t  3o ° for 2. 5 It as in E x p t .  3- These  two  
cu l tu res  were then  m i x e d  a n d  s ix teen  i - m l  a l iquots  were  p i p e t t e d  in to  t h e  25-ml  
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flasks. Twelve  of these  were gmssett. ,~rt,2i~ ~-eirh: a~ different  m i x t u r e  (conta in ing  O.~, 
o.15 a tm.  ; N e, o.o3, o.o375, o,o4755,, o~ ' -~ .0~o877~or  o.xo a rm.  ; H , ,  o or o.3 a tm.  aria 
A, to  I a tm. ) ,  and  s h a k e n  for x/5-min~oLtmmait:eq~ilibration. T h e  four  r ema in ing  flasks 
were killed a t  this  t ime  and  a n a i ~ e t t i l m ~ w ~ t , q ~ t h e  rest  to  give the  ini t ial  bac te r ia l  
n i t rogen .  The  12 shaken  cu l tu res  were!~!]~tl',tffer.3 la g rowth ,  and  ana lysed  for n i t rogen.  
The  ra te  cons tan t ,  k, was calcula-tett ffrm~ t i l e  n i t rogen  d a t a  a s suming  exponen t i a l  
increase.  

T h e  resul ts  f rom six such e~:pmiimmts-~vem g r a p h e d  (see Fig. 4) by  the  LtNE- 
WEAVER AND BURK m e t h o d  ~ ,  W h e a t  t i,: m~iproeal  of the  r a t e  c o n s t a n t  k is p lo t t ed  
aga ins t  the  reciprocal  of t h e  s U ~ , ~ n ~ - m t r . ~ t i o n  (pNe). 

The  inh ib i t ion  b y  h y d r o g e n : i s - S ~  (p,Iess t h a n  o.ooi) ,  while the  slopes of 
the  "p lus  h y d r o g e n "  and  " n o : b _ y ~ " l t n ~  do no t  differ significantly.  In  none  
of t he  six ind iv idua l  experimerrt-s,w~rti~q~airs-of~lines such as to  suggest  compe t i t i ve  
inhib i t ion ,  despi te  the  high ~"aril/biti~_yiixitm~mTn~ in: the  sys tem.  These  resul ts  therefore  
ind ica te  t h a t  H ~ is no t  a compe t i t i ve  iilitittitn~ of~ N z  f ixat ion in A. vinelandii. 

Oxygen uptake and cell nitrogen 

The  ra te s  of increase of o x y t g e n ~ ~ , d i ~  n o t  a lways  a p p e a r  to paral le l  those  of 
n i t rogen  con ten t ,  b o t h  wi th  :re s ~ . c t  tt,)t~LX\,_,and to the  presence or absence of H z. 

As a tes t  of the  va l id i ty  of these, o t m m ~ i b n s ~  ~0~_(N) va lues  were ca lcu la ted  f rom the  
oxygen  u p t a k e s  for the  last  hour ,o f  rti~. ~x~periment a n d  the  final n i t rogen  con ten t .  
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o ~ ° 
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-- ai~l~ 

Fig.  4. LINEWEAVER--BURK doubte-recipr~al~]}~JE,  ~f :'el0citx" c o n s t a n t  of nitros_ en i n c r e a s e  a g a i n s t  
g a s e o u s  n i t r o g e n  p r e s s u r e :  O - - - 8 .  in- t t i t .  :~roa~tm-o ,Jr 0.3 a t m .  H~ ( e q u a t i f n "  l / k  ----3.I77 + 
0 .0408 X I lpN.,)"  O - - O ,  i,n tht ,  absc~n¢~ . ~JJ~ H-. t . qua t ion :  i l k  = 2.097 + 0.0364 -z J/pN.,).  

Sta t i s t i ca l  analysis  of t h e  d,~ta :for .~t. tt-~i~: e : :per iments  of Fig. 4 showed t h a t  the  
Qo= (N) was  s ignif icant ly  h igher  , ~ p [ ~ t f l a n : o : o ~ )  unde r  H z t h a n  in i ts absence,  and  
t h a t  t he  pNz  also a f fec ted theQo~_(~ ' , ) (~p!~ t l : an :o .os ) .  Such  resul ts  are no t  in accord 
w i t h  the  usua l  ass t t rnpt ion -~tmt . - o x ~  ~xt~rd,te-is a: l inear  funct ion  of cell l , i t rogen,  
a n d  emphas ize  the  need  for direct  mmmtmm~e:a~ o f  n i t rogen  fixation.  
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DISCUSSION 

Tile differences be tween  our  resul ts  and  p rev ious  f indings are p r o b a b l y  due  to  differ- 
ences in t echnique .  Ear l i e r  workersS, 6 h a v e  used  the  fol lowing m e t h o d s  for s tudies  of 
H z inhib i t ion  of N~ f ixat ion by  Azo tobac te r "  (a) mac ro -n i t rogen  e x p e r i m e n t s  on large 
vo lumes  of e i the r  s h a k e n  or still  cu l tu res ;  (b) micro- resp i ra t ion  e x p e r i m e n t s  on 
smal le r  (25-30 m l )  vo lumes  of e i the r  shaken  or still  cu l tu res ;  (c) mic ro - re sp i r a t ion  
e x p e r i m e n t s  in which  oxygen  u p t a k e  is a s s u m e d  to be closely a n d  cons i s t en t ly  
cor re la ted  wi th  the  n i t rogen  c o p t e n t  of t h e  cells. 

Ip  all these  e x p e r i m e n t s  it  was  a s s u m e d  t h a t  H 2 d id  n o t  cause dev ia t ions  f rom 
e x p o n e n t i a l  g r o w t h  (or n i t rogen  fixation).  

Techn iques  (a) and (b) h a v e  t h e  serious d i s a d v a n t a g e  t h a t  t he re  is i n a d e q u a t e  
cont ro l  of tile oxygen  concen t r a t i on  in solut ion.  O x y g e n  has  been imp l i ca t ed  as an  
ac t ive  and  c o m p e t i t i v e  inh ib i to r  of n i t rogen  f ixat ion in Azo tobac te r ,  w i th  which  i t  was  
found  t h a t  g rea t  care  was  needed  if oxygen  d e m a n d  f rom the  cells were  n o t  to  exceed 
the  d issolved oxygen  ' s u p p l y  19. If  s t a n d a r d  cu l tures  are  i n c u b a t e d  u n d e r  different  
pa r t i a l  p ressures  of n i t rogen  those  cu l tu res  u n d e r  the  h ighes t  p N ,  will g row fas tes t  
a n d  the  g rea t e s t  oxygen  d e m a n d s  will be m a d e  b y  t h e m .  i f  oxygen  diffusion becomes  
l imit ing,  the  pN  2 func t ions  will become d i s to r ted ,  since the  cu l tu res  u n d e r  the  h ighes t  
pN  2 will be f ixing n i t rogen  a t  lower concen t r a t i ons  of d issolved O9 t h a n  those  g iven  
less n i t rogen  gas. U n d e r  these  cond i t ions  the  t rue  eflect of H 2 on N~ f ixat ion wou ld  n o t  
be a p p a r e n t .  

The  a s s u m p t i o n  t h a t  oxygen  u p t a k e  is a c o n s t a n t  func t ion  of cell n i t r o g e n  u n d e r  
all cond i t ions  is no t  s u p p o r t e d  b y  ou r  resu l t s  since (a) Qo9 (N) was  a l t e red  signifi- 
c an t l y  in the  presence  of H 2 (b) Qoz (N) c h a n g e d  wi th  p N ,  in the  presence  or absence  
of hydrogen .  

F inal ly ,  the re  is the  ev idence  p re sen t ed  here  in Figs. x a n d  2 t h a t  H a can induce  
a lag phase  in A z o t o b a c t e r  cu l tu res  a t  low pN~ b u t  no t  a t  h igh p N , .  The  reascn  for 
th is  effect a t  low pN 3, which  seems to  resemble  the  wel l -known t e n d e n c y  for cu l tu res  
to  lag in poor  media ,  is u n k n o w n .  T h e  slopes of t he  curves  in Figs.  x a n d  2 wi th  H e 
a n d  low pN 2 show t h a t  the  o r g a n i s m  does a d a p t  to  H 2 a f te r  a per iod  of i - 2  h, a n d  this  
conclusion is s u p p o r t e d  by  t h e  d a t a  of Fig.  3- 

Should  the  LINEWEAVER AND BURK plot  be used  wi th  ra te  c o n s t a n t s  which  hide 
a dif ferent ia l  lag of the  t y p e  shown in E x p t .  2, t he re  would  be a s t rong  t e n d e n c y  
t o w a r d s  a c o m p e t i t i v e  plot.  A t  low pN 2 n i t rogen  k x a t i o n  would  be u n d u l y  depressed  
by  Hz and,  were the  r e s u l t a n t  r a te  c o n s t a n t s  p lo t t ed  as reciprocals ,  the  line would  be 
t i l t ed  u p w a r d  at  the  d is ta l  end.  

W i t h  cu l tu res  a d a p t e d  to  H2 a n d  u n d e r  condi t ions  such t h a t  n i t rogen  increase 
was exponen t i a l ,  our  resu l t s  do no t  show a c o m p e t i t i v e  re la t ionsh ip  be tween  H e a n d  
No in the  process of n i t rogen  f ixat ion.  
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