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In vivo acetylene reduction (nitrogenuse) is inhibited by NH4+ immediarely in 
Azotobacter vi~elandii, but not in Bacillus polymyxa. In addition to the repression 
of enzyme synthesis, NH$ has two types of' inhibitory cfects on acetylene reduction 
in A. vinelandii ( i )  revemibie inhibition in the initial stages ry" incubatiort sit11 NH4', 
(ii) irreversible loss of activity in the later stages of incubation with NHL-r. 
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The synthesis of nitrogenase in nitrogen fixing organisms is represseci 
by combined nitrogen .3,4,7,8,1"17J9 Apart from its repressive effect, 
NH$ causes immediate inhibition of in vivo nitrogenase activity in 
Azotobacter vineZandiiI7, A. c h r o o ~ o c c u m ~ ~ ,  Anabaena cylind?icu1° and 
Rhodospirillum vubrum13. This immediate inhibitory effect of NHc 
on nitrogellase is not due to : (a )  direct inactivation of ni<rogcnasc by NHc 
as the activity is retained in the extracts of A. vinelandii for several hours 
after the addition o f  NH,+ 17, (b) feedback inhibition at the level of nitro- 
genase as neither NH,+ nor its metabolites inhibit nitrogenase activity in 
cell-free extracts of A. vinelandiil, (c)  the effect of NHiF on the electron 

*This report contains mrrterials also included in the Senior author's thesis submitted to thc 
Indian Institute of Science, Bangalore, for the reqiirements for the Ph.D. Degree. 

f A preliWnary account of a portion of this study was presented at the 15th Annual Meeting 
of the A~sociation of M~crobiologists of India, December 19-21, 1974, Bmgalore, India. 
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The present piipcr give5 cvitlcncc that apart From the repression of the 
cnzymt in A. ~vtz~kii~clii CCIIS, NI-Id C X C I Y ~  two l y p c ~  of inhibiloly effects on 
nitrogenasc activity. The paper also indicate!, tlli~t in Bucilhs polymyxa, 
NHil docs 1101 hnvc any elkc1 olhci ihan tho rcprcabion of the enzyme 
synthesis. 

3. M,\'l '~iii~h~s A N 1 1  MKIINJUS 

Growth conclitiot~.~ 

Azotobucler. vitreliiirt/ii OI' (obtained Tram Profcasor R. H. Burris, Uni- 
versity of W~rconain) was grown in a motliIicd Burk's niirogcu-free medium."l 
The C L I J ~ L I ~ L .  wii\ gro wu i l l  200 in1 or ~ncdi:t in 500 in1 Erlenmeyer flasks, 
inoculated with 5:; jv/v ; OD i . 5 )  inoculum :ind incubated at 30" C on a 
rotaiy shakcr (250 i'pm). tirc>wth was Collowcd by measuring turbidity in 
a Spekol colorinleiti (1'Gl-l Radio, Fcrnchchcn-EIccirc), Marienberg/Sa, 
DDR) at 540 nln. All experinlcnis wcrc carricd o~kt  with 1411 cultures (OD 
0.37, Dry weight 0.15 nlg/ml, 30" C) .  

B. polymyxo (obtained horn Profcssoi J. R. Postgate, University of 
Sussex) was grown anaerobically in 5 litrc nitrogen-frec n~ediurn'~ in a 
7 Iilre Erlennicyer ilask at 30 ' C ~ ~ n d c r  constant nitrogen sparging (0.05-0.15 
litres ofN,/rnin/litrc cult~iro). A 20'1,; Y/V inooulunz was uacd. The inoculum 
was prepared by growing tbc cclls aerobically wit11 limitcd ;mount of m o n i a  
(100 mg amnoniual sulphatc/li tre) for 18 h. Tlic cxpcrilncnts were carried 
orit with 18 h cultures. 

Assay of nitrogenass 

Nitrogenase activity was ;:ss:iyed by following t~cetylene reduction, 
Conical Buclu~~er flasks (100 rnl) with zerum hloppcrs were used for the assays. 
The assay mixture contained 20 or  40 rnl c ~ ~ l t u r c  with a gas ph.ase of 10% 
oxygen, 10% acetylene and 80% purified argon for A. vinelutzilii, an aerobic 
nitrogel? fixing organism, culd 10% acetylene and 90% argon for 5. P ~ ~ Y W X Q ,  
which fixes nitrogen anaerobically. The flasks were evacuated and flushed 
with. a%on four times before injecting acetylene andlor oxygen.16 The 
flasks were incubated at 30" C o n  a rot:lly shaker (12.0 rpm). At varjous time 
intervals, one 1x1 of gas phase was rc~novcd anct the clhylcnc produced 
m e a m d  in :I FI I lnodcl Perkin-Dlrncr g:is chromatograph with p o W a k N  
colulnn as described by Stewart er dl"eilk heights of ethylene and acety* 
h e  were measured and compared with standards. 



Twcnty mi ofculturcs, harvcstctl and rc>.iibpcnde6 i,: 20 ml of fresh m e d i ~ ~ ~ n  
werc placed in :I 100 1111 conical flask. Chloramphhcilicol (75pg/ml) or  rifam- 
picin (20 pg/~lll) and (I%') iabellcd chloi.cila protcic hydrolyaate (0.05 
p Ciin~l; obtained from R.A.R.C., Bombay) were added together and the 
culture was shaken in a waterbath at 30" C. At various lime intel-vals, 2 ml 
of the culture was 1-emoved into 2 ml of 10:{ TCA, then heated at 90°C 

for 30 min, cooled and filtered on Whatman No. 3 filler papcr. These filters 
were washed with 5% TCA sevel-a1 limes and then with a mixtlire of ethanol- 
ether (3 : I )  and finally with ether. They werc dried, and ihe radioactivity 
n~easured. in a Becknian LS-100 liquid scintillatioll spectromcter.~4 

Effect of' NH,'. ~lutamine, a.spurtrgiile on ni/mgeizase activity 

To determine  he effect of lhese metabolites on nitrogenasc aciivity 
they wcre addcd to the medium prior lo the assay. The concentration of 
ammoniunl acetate used was 28 pg Njml and that of the amidcs, 140pg N/n~l.  

Acetyleire reductio~z of NH,+ treated A. vinelandii re1l.r 
in fize absence q f new protein synrlzesis 

Ammonium acetate (28Op~!N/mI) was addcd to 401111 of culiwc and 
incubated sialically for onc hovr. Chloramphenicol (7SPg/1nl) \m.s added 
.aftcr 45 min. incubation. The cells were harvested using a refrigerated cenlri- 
fuge (10,000 rpm for 5 min.), washed twice with fresh nitrogen-free rncdii~ni 
containing chlorall~phenicol, resuspended In medium conlaining chloralr- 
phenicol and assayed for acetylene reduction. When r;fampicin (2OPg/cg/ml) 
was used to inhibit the engme synthesi~, it was added 30 min. after the aLdi- 
tion of NH;" The culture was incubated for a further period of 30 min. 
and then harvested, washed, resuspended and assayed fol. acetylene redbction 
as described earlier. The total period of incubation with NH,) was 60 min. 

E a x t  qf'pyuuvic mid and citric acid cycle irzter~nedifltes on NHC, ghitmine 
aizd a.sparagir?e inltibition of' zitrogenuse iiz A. vin:landii 

The cells were preincubated for 15 rnin. with pyruvic acid (40 or  80 mM) 
or citric acid cycle intermediates (40 mM) before the addition of ammonium 
acetatc (14 pg Niml), glutalnine or  asparagine (140 c ~ g  N/n~l). 



Chic ill' ihu S~~liirwi~iy. :i~~ilncmilrnl :wetalc (780 jig :N/n11): chloram- 
pllunicol (75 ,c$/~i~l)  : o r  r iSi~mpiviii (10 jigin10 wcre :ccldcci to ail 18 11 culture 
:tnd spai.ping with i~itnljrcn w.l\ c x ~ ~ ~ t i r ~ i ~ c i i .  A t  <!ill;'r~lit !inic intcrvnls 
iamples were r-cw~vctl ;iiii.l ; i~s:~ycd l i ~ r  i ~ c e t y l c ~ ~ c  r c d ~ ~ c l i o t ~  /i)r 30minutes. 
Sirnultnnec~riily tlic OU wit\ :rl!,cj rcct,rtle~i l o  f i~l low rh? e f i c t  of these corn. 
pounds trn tlic g r ~ i w ~ l i  t i t '  tllc o rgan i~ in .  

h rnnu~i~ iu in  ;ICC!~IIC W:I.. ii'rc~l : t i  1 . h ~  \ t ~ l r c t  of' NII,, GIICS cnrlier results 
havc sJio\vi~ lh:~! lhc culr;i!:cilt~l;ir ciinccii!r:~licm of Nti,' in A.  vinelondii 
rcm:lin< e ~ ~ n s ! ; t n ~  will; r<\piLcr [ t i  I irnc in 1 1 1 ~  prc\encchc,t' :t~nmoniuin acetate 

. unlike :~nuc:umiuln iulp11;ttc o r  an~ntonittni chl,wic!c.!' 11) the cxpcriments 
dceigncd 10 h ) w  ihc 1-cvcr,.il3ilily of!ho irnincdiarc i~~i;ihitiotr theconcentration 
of ilint~ioniuin ~icciiite ! i d  w;~,, 7 8 p g  N/nd \o :I\ 1') givu 9O(j:, inhibition of 
acetylene reduction. w11erc:ts w11eii pyrtiv:~tc or Krch', uyele intermediates 
wcre tested Tor revursing the efect  of NH;' the conccntc~tion of ammonium 
acctate was r e d u ~ c d  to 14pg N/rnl. In the experiments done to determine 
the disappcalxt~cc of c r~zynx  activity i n  thc p i - ~ ~ t l c c  of Nt-i,' the concentration 
of amri~oniirm ;tcct:tIc. was i~rcr;:rsccl 1 0  28(Ipy N/m1 ; t i  t J i t  cells w x c  incubated 
for a longer L I I ~ I C .  WJlert girti:~mitiz or nqparaginc wcrc r~zcd lo inhibit the 
enzyme activity the coiuxntmition u;cd was a.ij.jlis~cd givc go';/, inhihition 
viz., I40 pg N/n11. 

The results indicate that ammonium acetate immediately inhibited nitro- 
genase actwily in A .  vinefandii (Fig. I),  but  not in R. pnlyzyxa 2). 
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TJic cstimalion of G-cc unzino acids in tI1c cells of A. i~inelundii after NH4+ 
addition showcd increased icvc!~ of glutamic acid. whereas 110 such cl~angc 
was sccn in 17. polyinyso. In thc above cslima-;ions the levels of frec glutainillc 
and asparagirrc in the cells could not bc detcr~ni~~edseparately. Hence it 
is possible that tJl.e iinmcdiatc cffcct of NH$ on nitrogcnase activity may be 
due to increased levels of free glutamine or glutamic acid. 

Glutamic and aspartic acids did not cause any immediate inhibitory 
effect on nitrogcnasc activity, but asparagine and glutamine inhibited nitro- 
gen.asc activity in A. vi~zelandii'ccll:; (Fig. 1). None of the abovc compounds 
inhtbitcd niirogcnasc activity in B. polymyxa (Fig. 2). 

To determine whether the inhibition is reversible, experiments were 
performed using inhibitors of protein and mRNA synthesis, cliloranlphenicol 
and ritjmpicin, respectively. Chloramphenicol inhibited (14C) amino 
acid incorporation by about 75% in 15 min. and completely in 25 min. 
Rifampicin did not show any inhibition of amino acid incorporation in the 
initial stages. However, it inhibited protein synthesis within 30 min. (Fig. 3). 





ido i i o  

it~hibitory effect, the cells were not aerated in order to avoid the changes due 
to the partial pressure of O,." This indicates that the immediate inhibitory 
effect of NH,I is reversi blc. From experin~cnts with continuous culture, 
Kleiner9 also has suggested that the inullcdinte inhihilay effect of NHd+ 
011 nitrogenase activity is partially rwersible in A. vinelandii. A similar 
situation has been suggested in the case of Rhodospirihm rubrum.'" 





medium? This observatioo supports the idea that the metabolism of 
NH,,+ into glutamine is necessary for such an inhibition. 

If the jxqmediate inhibitory effect of NH,+ is due to  depletion of the 
ATPINADPH that  is used for the assim~lation of NHP, metakolites capable 
of providing these energy sources should reverse this inhibition. The results 
(Table I) showed partial reversibility of the inhibition when A. vinelandii 
cells were incubated with pyruvate, DL-isocitrate, a-ketoglutarate, o r  succi- 
nate, prior to  the addition o f  NH,-. When the concentration of pyfivate 
was increased, enhanced rate o f  acetylene reduction was observed in NH,T 
treated A. vinelandii cells. Similarly, the immediate inhibition of glutamine 
or asparaginc was also found to be partially reversible with pyruvate (Table I). 

Effect of pyrrcvic mid and citric acid cycle intermediates on NW,+ 
&tarnine or asparagine 

Inhibition of Nitrogenase 

Inhibitors 
Expt. ' 

-- Inhibitton reversing n mols of 
No. NH&* Glutamine Asparagine metabolite ethylene 

(fig Nlml) (fig NlmO ( ~ g  N/ml) ( m M  90 mi,/ 
ml culture 

1. . . . . . . . . 130 
2. 14 . * . . . . 10 
3. . . . . Pyruvic acid (40) 39 
4. . . . . Pyruvic acid (80) 72 
5. . . . . DL-isocitric acid (40) 38 

6. . . . . Succinic acid (40) 36 

7. . . . . a-Ketoglutaric acid (40) 45 

8. ... . 140 . . . . 12.5 
9.  . . 140 . . Pyruvic acid (40) 63 

10. . . . . 140 . . 12 
11. . . . . 14.0 Pqruvic acid (40) 54 . 

A. vinelnndii cells were preincubated for 15 min. with pyruvic acid or TCA cycle intermediates 
before the addition of ammonium acetate or glutzmine or asparagine ; . .No addition. 

I.I.Sc.-2 



Rifampicin inhittits cnrynic synthcsih :I( the tran:criptional Icvel.l& simi- 
larly, if NWi' :tlso inhihits r~i trogcr~aw rynthesis at the transcriptional level, 
the di.r:~pp~':~r:~n~c o f  11itrog:n:ixc ;kctivity in the cells treated with NB,+ 
should mimic that o f  r'l'tmpicin trc:ttcd cells. In addition to repression, 
there is :in imnisdiatc inhihition of nitrctgcna:~ by NH,' in A. vi~e/~ndi j .  
Hence a dircot ccsrnprrison of nilr~~&cii;t:c activity in N i l 2  Trcnted cells with 
that of c l ~ l o r : i m p ~ ~ c ~ i i c ~ ~ l  or  rifxn~l>icin trc:~tcd cells i s  not possible. We 
h a w  observed that the imnxediatc r fkc t  h11,' in A. vinelandii can be 
reversed by wa, hing lhc L C I I  frcc of  Nfl.,' . Thi\ has enabled us to study the 
kinetics of NH,' ripr:xtir>n of' the cnzyinc ; l n d  t o  compare the results with 
that of rifampicilt-tsenteci cells. W!*~rr rlie ccllh wcrs treatcd with rifampicin 
and assayed for ucctylcne rsdrrcticm ; I t  difii.rcr.rt time interval?, 50% loss of 
activity was observcd only after 7h .  h r  whcn rllc tcllh w r c  initially treated 
with NHi' and wouhtd frec of Nlf,'  at  ditiiiwnt time intervals in the presence 
of rifampicin SO';;: IOSS of mtivity wax ocrticcd within 4.1 h (Fig. 5). The 
disappearance of lhc enzymc activity w;i* fkstcr in the cclls treated with NH,+ 
and washed with r;farnpicin th:m lhc ccifs initixllp treated with rifampicin. 
Hence the sitc of inhihirim of nitrogcnuse hy NH,; i \  at a inter stage than 
that of rifamp cin, i.c., at the p,ist-~r-;lnsc~.iplior~iil stage. 

111 K. pneuntrmiue NH,E i s  believed t o  block nitrogenase synthesis mid- 
way between n R N A  synthesis and trar.ishtion."f [.he situation in A. vine- 
landii were similar to t.h.at of K. pneumcmirte, 4. vinekudii cells treated with 
NH;', warhed and assayed in thc prebcncc of chloramphenicol should show 
a slow disappcarancc of enzyme activity than the cells initially treated with 
chloramphenicol and assayed sirnilariy. In these exprrirnents too, the dib 
appwance  of the enzymc activity w,is faster in the cells treated with NH2 
than the cells trcaled with chlor:imp$cnicol (Fig. 5). This shows that the 
inhibition by Nf-I;' is not at  the site where ch~o~~mp!-enicol  inhibits the 
synthesis, LC., at: 1.h.e translational IcveI. but  a t  a post-translational stage. 
T,hese ex~:riments indicate that i s  a faster degradation or  inactivation 
of nitroganase in NH,+ trcatcd cells during the later srages of incubation 
with: NH$.. It may be noted that these observations !lave been made with 



Re. 5. Kinetics of dis~ppearance of acetylene redvction in A. vinelundii cells treated with 
NH,+ (280pg N p l )  chloramphenicol (75 pg/ml)or lifampicin (20 pLr/ml). The inhibitors were 
added simultaneously. At different time intervals, samples were ~cmoved, w&ed and assayed 
for 45 min. NH4+ tiested samples were washed and assayed with nitlogen-free medium wntain- 
ing either chloramphenicol (A-A) or rifampicin (0-0);  cellsinitielly tleated with chloram- 
phenicol (,&-A) or rifampicin ( 0 - 0 )  and wele assayed in the presence of the same drug. 

cells which were aerated, to determine the stability of the enzyme after the 
inhibition of its synthesis. 

0 3 r  observations suggest that NH.,+ has two types of inhibitory effects 
on nitrogenase activity in A. vinelanrlii. (a) A rapid inhibitoiy which is rever- 
sible if NH,+ is renloved within 1 h b> warhing, (b) 1?J1 i~reversible loss, 
of activity during the later stages oflincubation with NHik. . ?., 



of i i , i s a p p e i ~ t i ~ ~ ~ ~ ~ ~ ~  of' nitre l ~ L . l l t 1 . S ~ '  iictilSjfy iu B. polymyxa cells peated 
,&k NH,. , t.irli~rmr@cftiw/ or rijimpicirr 

In B. pulyrty..w thcrc ih no irnmcdi:itc inhihition of nitrogenase by m,t. 
Hence it is possible to coinp~rc the Jia:~ppuarancc o f  nitrogenase activity in 
the cells treated with NJI; to t h a t  of chlor;~mphenicol or rifampicin treated 
cells. The effcct of Nfl; :ind the mtihioties on nitragcnase activity and 
growth of B. po,n!trx.v.~a i s  hhown in Fig. 6. Both chloramphenicol and 
dfampicin caused a rapid infiihititw o f  growth and nitrogcnase activity in 
B. po1ymy.w. Nitrogon;ice activity W:IS cetitiiled for :I longer tine in m4+ 

T I M E  ( h f ~ )  

RO. 6. E f f ~ t  of mat (280gfsN/rnl), &&amg~enifol (75 Wml) and rifampioin (z' 
On aatykne reduction and growth in 8. polynpu. After rke eddition 0f 'NH&iOr the drug 
spwing of nitrogen was mntinud.  ~t di&ranl rim intervais s mplm were removd 
w a d  for acetylena redikstinn Mr 30 minutn. Qmtrol (I.-. 0 )  ; mnitm 
(m-m) ; chlor~pheniwl (&-A) ; rifampicin (A-GI. 
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treated cells. NH,+ causes the inhibition of nitrogenase synthesis, while 
chloramphenicol and rifampicin inhiblts the synthesis of all proteins. Hence 
it can be suggested that though nitrogenase is stiU present, the enzyme is 
not able to express in chloramphenicol and rifampicin treated cells. It may 
be possible that the half-life of some otl~er proteins required for in vivo nitro- 
genase expression is shorter than the half-life of nitrogenase ; the antibiotics 
block their synthesis and hence an early disappearance of nitrogenase activity 
in the cells treated with chloramphenicol and rifampicin. 

It is clear from the above results that A .  vinelundii and B.  polymyxa 
cells respond to NET,+ differently. 
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