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Effect of  ammonia  on  nitrogen  fixation
blue-green  alga  Anabaena  cytindricaiby
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   Ammonia  at  a  concentration  ol' 1 × 1 O-3 M  completely  inhibited nitrogenase  activity,

as  measured  by acetyienc  reduction,  in the  blue-green alga  Anabaena c.vlincbica. Free     'ammonia
 was  undetectable  in cells  grown  eithcr  on  N2  or  ammonia  within  thc limits of

precisien  of  the method  used.  Glutamic acid  formed  a  major  amino  acid  pool in
N2-grown  cells,  and  basic am{no  acids,  i.e. Iysine, histidine and  arginine  were  abunciant

in  ammonta-grown  cells, A  10-fb!d increase in the arnounts  of  labile amino  com-

peund(s)  was  observed  when  N2-grown cells  were  exposed  to  ammonia.

   S,Vhen cells  were  incubated under  anaerobic  conditions,  the acetylene-reducing

act]vity  increased  2-fold or  more;  arnmonia  had  no  effect.  Oxygen  was  required  for
ammon'ia  to inhibit acetylene  reduction.

   Modes  of  inhibition by  ammonia  on  aeetylene  reduction  were  compared  with  those
by  ch]oramphenicol,  puromycin,  cyclohcximide,  DCMU  and  CCCP.  On  the basis
of  these comparisons  we  concludecl  that  ammonia  not  only  acts  as  a  suppressor  o{' nitro-

genase synthesis  but also  inhibits acety]ene-reducing  activity  by lowering the supply  of

rcductant  andier  of  energy  for the nitregenase  system,

 . 
It has been reported  that ammonium  ion prevents the de novo  synthesi$  of

mtrogenase  in  Klebsiella pnettmoniae without  affecting  the activity  of  the  enzyme
already  formed (1). Dalton  and  Mortenson (2) hypothesized that nitrogenase

synthesis  is controlled  by the  level of  intracellular ammonia.  Ne  nitrogenase

components  were  detected in cells  of  Ctostridium Pasteun'anum grown  on  ammonia

(3). However, Hardy  et  al. (4) found that ammonium  ion had  a  direct inhibitory
eflbct  on  nitrogenase  activity  in Azotobacter vinelandii.  This is not  the case  with  a
cell-free  enzyme  preparation. Daesch and  MortensQn (5) later demonstrated that
C. Pastezarianum grown  in a  chemostat  under  ammonia-limited  conditions  contains

three  times  more  nitrogenase  than  do cells  grown under  nitrogen-fixin.cr  conditions,

A  high nitregenase  activity  has also  been reported  with  Axotobacter chrooeoecum  (6)
and    Rhodbspirillum rubrzam  (7) grown  under  ammonia-limited  conditions.

    In the  present stucly,  the  effect  ofammonia  on  nitrogen  fixation in the blue-green
alga  Anabaena opgindrica was  investigated, with  special  reference  to the correlatioR

between intracellular ammonia  or  the  amino  acid  pool and  nitrogen-fixing  activity.

The mode  ofinhibition  by  ammonia  was  compared  to modes  ofinhibitors  of  protein
synthesis  as  well  as  those  of  inhibitors of  photosynthetic electron  transport  and

phosphorylation.
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Materials  and  rnethods

Aigal czalture

    Anabaena 4.vlindrica Lemm.  (Fogg strain  IAM  M-l) was  used  as  the tcst organism.

Cuituring was  conducted  at  28± 1eC  in the  light (5000 lux) using  the  N-free medium
of  Allcn and  Arnon (8) as  described previously (9). (L'ultures were  continuously

bubblcd with  air  containing  O,5%  C02, If necessary,  NH4Cl  was  added  to the

medium  at  a  concentration  of  l ×  IO-3 M.  Growth  was  fbllowed by measuring  the

optical  densities at  750 nm  with  a  Shimadzu-Bausch &  Lomb  Spectronic 20 spectro-

photemeter.

Aceijplene reduct'ion

    Unless other"iisc  indicated, 4-day old  cells  were  used.  Nitrogen-fixing activity

was  measured  by an  acetylene  reduction  technique  (10). Suspensions of  harvested
(iells,  5 or  10 ml  each,  washed  (2-3 rng  protein/ml) orunwashed  (O.2-O.Smg
proteinlml), were  placed in lrVarburg type  flasks (80 ml  capacity)  fitted with  rubber

stoppers.  Flasks were  evacuated  several  times,  refi].Ied with  argon,  and  finally

filled with  a l : 9 mixture  of  acetylene  (The Matheson Co. NewJersey) and  argon.

Flasks were  incubated with  shaking  at  30CC  in thc light at  an  intensity of22,OOO  lux.
After a  30 min  incubation, the reaction  was  stopped  by introducing O.2 ml  of  4 N

NaOH  with  a  hypodermic syringe  through  the  rubber  stopper,  Production of

ethylene  from acetylene  "fas  determined with  a  Shirr}adzu GC-3AL  gas chromato-

graph, as dcscribed in a  previous paper (li),
C02 mptake
    Cells were  incubatcd  in the samc  manner  as  in the acetvlene  rcduction

measurements,  except  that  flasks were  fi11¢ d i･vith  pure argon,  The  reaction  was

stopped  by intreducing O.2 rr]I of  6 N  H2S04.  C02  released  into the  gas phase was

measured  by  the  gas chromategraph,  using  the same  column  as  that  used  for the
measurement  ofacetylene  reduction,  C02  uptake  was  estimated  from  the  diflbrence
between  the amounts  of  C02  before and  after  incubation.

enemical analyses

    Ammonia  was  determined  by  the  indophenol  method  of  Lubochinsky and

Zalta (12). When  nccessary,  thc microdiflUsion  technique  of  Conway  was  used  to

separate  the ammonia.  Protein was  det/ermined by, the  P"olin method  as  described

by Lowry  et  al.  (13). Free amino  acids  in cells  were  extracted  with  boiling 80%
ethanol  fbr I5min. Extraction wa$  repeated  three  times. Extracts were  com-

bined, thcn  the amino  acids  were  separated  using  an  Arnberlite IR-120-B column

(J4). Amino  acid  composition  was  determined  with  aJLC-6AH  automatic  amino

acid  analyzer  of  ,Tapan  Electronic Optics Laboratory Co., Ltd.

Results

Efact of ammonia  on  acetyt'etze  reduction

    When  ammonia  was  added  to the  4-day  old  culture, the acetylene-reducing

activity  was  reduced  by  509,,C) after  3 hr and  was  almost  completely  abolishcd  after
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20 hr (Fig. 1), 
'Fhe

 protein content  incrcased flrom 236 to 296 p{gXml during the

20hr culture  period. Thus, the decrease in the  specific  activity  fbr acetylene

reduction  cannot  be cxplained  by th ¢ dilution of  nitrogeRasc  by newly  fbrmecl
protein. When  8 × IOL4 M  ofarnmonia  was  added  to the  harvested al.cral  suspension

(3 mg  protein/ml), it was  completely  used  up  within  2 hr at  30CC in the  light (22,OOO
Iux) (Fig. 2), [l]he decline in activity  fbr acctylene  reduction  continued  even  after

exhaustion  oi" external  ariimollia,  The  activity  for acetylene  reductien  rose  again
2 hr after  the  exhaustion  of" ammonia,  In another  experimcnt,  we  observed  that
when  cells  grown  in the  presence of  ammonia  (1 × IO-3 M)  were  incubated, after

washing,  in an  N-free medium,  acetylene  reduction  recommenced  after  a  time  lag
of!  to 2 hr.
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Fig. 2. enatrge in aeee,lene-reducing  activity  e)' Anabaena  cylindrica  during incubation tevith ammenia  at

30CCin  the Ji.aht (22,OOOlux). Ammonia  (8× IOT4 nf>, was  added  at  tirne O to 4-day eld  cells  grown
en  N2. 0pen  circ/les:  relative  activity  for acetylene  reduction,  closecl  circles; ammonia  concen-

tration  in the  inedium,



The Japanese Society of Plant Physiologists

NII-Electronic Library Service

The  JapaneseSociety  ofPlant  Physiologists

134 M.  Ohmori and  A, Hattori

C7iajrges in levels ofcelluaar ainmonia  andfiee  amino  acicis

    If lntracellular ammonia  is responsible  for the regulation  of  nitrogenase

synthesis,  the ammonia  ievel should  be correlated  with  the nitrogen-fixing  activity.

Therefore, variations  in the  level of  free ammenia  was  fo11owed, using  cells  incubated

in the  presence or  absence  of  ammonia.  Free ammonia  in the  trichloroacetic  acid

(TCA)-soluble fraction ofthe  cel].  was  undetectable  both in the presence and  absence

of  ammonia  in the  culture  medium,  The  TCA-extract  contained  a  certain  labile

amino  compound(s)  which  was  degraded to produce ammonia  when  the extract

was  exposed  to the  high pH  oM2  in Conway's  microdiffusion  units.  This labile
amino  compouncl(s)  was  present at  a  level of  1 to 4 nmoles  ammonialmg  dry cells

grown  in the  absence  ofa  bound  form ofnitrogen.  Adding  ammonia  t.o the  medium

raised  the  level of  the compound(s)  to 20 nmoies  ammonialmg  dry cells  or  more

after  l hr of  incubation (Fig. 3.).

    The  size  of  the  amino  acid  pool was  not  substantially  altered  by the  provision
of  ammonia  to N2-grown cells, Some  diflerences were  observed,  however, with

respect  to amino  acid  composition  (Table 1), Glutamic  acid  was  a  main  com-

ponent  in cells  grown  on  N2. When  these cells  were  incubated with  ammonia  for
3 hr, the  relative  amounts  of  glutamic acid  and  alanine  decreased and  those  of

basic amino  acids  increased. A  possible alteration  in the  metabolic  pathway  fl)r

amine  acid  synthesis  in the  presence ofa  large amQunt  of  ammonia  is suggested.
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Fig, S. Charrge in concentration  of- a  labile amine  comPound<s)  in Anabaena cylindrica  cells during groavtit
with  am?nonia  at  280C  in the light (5000 lux), Ammonia  (1 × 10'3  M)  was  supplied  at  time  O to 4 day-
old  cells  grown  on  N2.

Fig, 4. )Effectj  ofchleramphenicol, Puron!ycin and  aycloheximide on  acetylene  reduction  by Anabaena  cylindrica.

Cells were  incubated for 3 hr at  300C  in thc light (22,OOO lux) in the  presence of  inhibitors, then

acetylene-reducing  activity  was  assayed.  
-O-:

 Cycloheximide, 
--e-:

 puromycin, 
-A-:

 chloram-

phenicol.
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Table 1ammonia
 
athfru)osition

 of'.fi'ee amino  acids  in Anabaena  cylindrica  incubated inthe Presence and  absence  of

Ammg.l.ia
 p.resent Ammonia  absent

nmoles  
b

% nmoles  
b

          unknown-2  
c,d

       Total 43I2 100

a

 4-day old  cells were  incubated for 3hr  in the
Light intensity: 22,OOOiux, temperature:  300C.
b
 On  the basis of  100 mg  dry weight  of  cells,

C
 Expressed in terms of  leucine equivalents.
d
 Consisted oi' seveval  amino  compounds.

LysHisArgUnknown-1

 
C

AspThr

 (Gln, Asn)

SerGiuProGlyAlaCysValMetIleuLeuTyrPheOther

790759207591210175102590

143

 56

 58

 46

 44

 44

 26

 15357

18.B18.0

 4.914.0

 5.04.12.4l4.0

3.4

 1.3

 L4

 Ll

 LO

 LOO.6O.48.4

377422

 4B484

 l34

 64

 981237

 l54

 llO

 59

 54

 24

 27
 48

 19184

-... efo

   10.6

   IL9

    L4

   13. 7

    3.8

    L8

    2.8

   34.9

    4.3

    3.1

    L7

    l.5
    O.7

    e.s

    L4
   O.5

    5.2

3543 IOO

presence<5 × 1O-S}t)and  abscnce  of  ammonia.

    The  increase in amounts  eflabile  amino  cempound(s)  observed  when  cells  were

exposed  to ammonia  may  be due  to an  increased productien of  a  labile amine  such

as  glutamine. In fact, the  amino  content  in the  fraction containing  glutamine was
significantly  higher in ammonia-grown  cells  than  in N2-grown cells  (Table 1).
Unfortunately, however,  threonine  and  asparagine  were  also  present in this fraction,
so  that  we  could  not  decide which  component  actually  increased in the  presence of      '
ammoma.

ELffiects of amino  acials on  acetylene  reduetion

    At  a  concentration  of  1 × 10n2 M,  arginine,  citrulline  and

cant  effect  on  the  activity  for a ¢ etylene  recluction  (Table 2).
afl}tcted  by the  addition  of  free amine  acids  extracted  from
grown cells  examined.  However,  activity  increased about

grown  in the presence of  IO-2 M  of  glutamic acid.

 serine  had no  signifi-

 The  activity  was  not

any  Qf  the ammonia-

50%  when  cells  were
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Table 2

  Ex}).1ifZict,s

 of anzino  acids  on  acegvlene  rethtetionb.J,

addedAnabaena

 cylindricaa

No. Compounds

lb

2c

3c

(M> Relative activity

'NoneNH4ClGlutamine

Arginlne

Citrulline

SerineNoneNH.4ClGlutami.c

 acid

NoneAmine
 acicls  extracteel  from

NL}-grown cells

Amine  acids  extracted  from
NH4-grown  cells

S × 10-31

× 10-2l

× 10-21

 × 10-21

× le-2

1 × 10-3I

× 10-3l

× 10-2

ca,  1× IO-3

ca.  1× 10'3

1002890879789100

 21ll3156100107

105

a
 1O ml  lots of  cell  suspension  were  incubated for 3 hr

of  the  indicated cornpounds  then  the  acetylene-rcducing

b
 Ce]] concentration:  O,2-O.3 mg  proteintml.

C
 Cell concentration:  2-3 mg  proteinl'nil.

at  300C  in the  light <22,OOO lux], in the  presencc

   activity  was  mcasured.

Efacts of oaygen  and  bicarbonate on  ammonia  inhibition

    When  cerls  were  incubated in argon  or  N2  fbr 3 hr, their acetylene-reducing
activities  increased markedly,  irrespective of  the presence or  absence  of  ammonia

CTabie 3). Under  anaerobic  conditions,  the ammonia  concentration  in the

medium  remained  unchanged,  while  excretion  of  ammonia  from  the  cells  occurred

if they  were  incubated in an  ammonia-free  medium  (Table 3). Under  aerobic

conditions,  ammonia  was  rapidly  assimilated,  accompanied  by suppression  of  the

acetylene-reducing  activity  (Tables 3 and  4).

r['abie
 3 CTTanges in ammonia  eontent  in the methunt  and  in the acetyiene-reducitrg  activity  in Anabaena  cylindrica

cells incubated ztnder  dmprent atmospheres
                                                     tt t-t- --- t''-'

 F..,.- 
i.?g.".b..gtlo-p..c-g".d.Lig.fiIS'le-1-

 
Ag}.Iil6i//A].iillll'6d'I'u-.lll-(rlnti'b-

 Reiativ,..ti.ity.f

No. Ammeniain
       medium

1

2

++

++

Gas phase

   Air

   Ar

   Air

   Ar

   Air

   N2

   Air

   N!

 Beforeincubation  Afterincubationacetylenereduction
 after  incubation

o.ooo.ool.941.94o.ooo.oo1.701.70o.ooO.14e.

 so1.89o.ooO.39O.

 661.68

100235

 24221IOO145

 I4140

a C]･ellswere incubated 'fbrS hr at  300Cin the  Iight(22,ooo }ux).
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abcd

Eff'ect ol' ammonia  on  nitrogen  fixation by Anabaena

   4 fl?7lects of 02 and  llC037  en  acetyiene  reduction

       Compounds  added

  NoneC

  NH4Cl  3 × 1O-3MC

  NaHCO32xlO-3mlC

  NH4C:1  a × lO-3M, NaHC:O3  2x1OL3M`

  Noned

  NH.LCI  S × 1o-3Ntd

SodiuiiL-I]otassium phosphate buffer (final 0,el M,
After 3 hr of  incubation.

Gas phase:  At'-O? (9:]>.
aas  phaset iXr.

bj, Anabaena  cylindrica"

137

Acctylene-reclucing activity  
b

m-n.rcgletbi'nig protein.30  min  Relative activity

        83

         13

        I21

         IB

        280

        248

pH  7.5) was  adcicd'-ti  the ilicu

100

 15143

 15S27278ba{I'on

 meal"u-,ll'I

    The  acetylene-reducing  activity  increased by about  40%  when  ceils  were

incubated fbr 3 hr in the presence of  bicarbonate (2× 10-3M). However,
bicarbonate did not  protect the  inhibitory action  of  arnmonia  (Table 4).

F/Z72Jcts of inhibitors on  acetylene  reduotion

    Cells werc  incubated for 3 hr in the  presence o{'  inhibitors ofprotein  synthesis,

i.e. chloramphenicol,  cycloheximide  and  puromycin (Fig. 4). Acetylene-reducing
activity  decreased when  chloramphenicol  and  puromycin  were  supplied  at  con-

centrations  higher than  10 ltg/ml. Cycloheximide  had no  efflect even  at  a

concentration  as  high as  100"gfml. No  inhibition ofacetylene-reducing  activity

was  observed  at              the  beginning of  incLibation with  these antibiotics,  which  suggests

that  they  do not  directly inhibit the  enzyme  system.  This is also  the  case  when  the
inhibitors were  rep]aced  by ammonia.

    Cells were  incubated fbr I hr in the presence ofammonia  (5 × IO-3 M),  chloram-

phenicol (IOs.t･g,iml) or  cycloheximide  (IO,ugfml) at  diflerent light intensities
(Table 5). Ammonia  and  chloramphenicol  suppressed  the  acetylene-reducing

      .." .-. ...---. .!brvrnL,gg.. .- 
actiyi!?･  ..-.fp-r-m..ed

   None  127 100 543

   NH4CIC  20 l5 456

   ChleramphenicolC  182 104 440

   Cycloheximidee  125 99 576

"
 AfiiStla-.. n-a'aylinMIica  

'c'Ells
 wE}c  iEit-ta-,e'i in tAe prese'nce of 

"----rm
 

-L"
 

'

then  the acetylene-reducing  activity  was  measured.
b
 Expressed in terms  of  nmoleslmg  protein･30 min.

C
 NH4Cl,  chloramphcnicol  and  cycloheximidie  were

and  20 
,,igim],

 respectively,

'-taP.le
 
5.
 ..llfilect,s qfanzmon.ia, chlorfflliphe-nicol and  E;'eloherf'inide en  a-c.e.tl,lene reduction  at dcaVrent li.oltt intenjities 

a

                         . 4001.ux 
'-ML

 

'22,OU'O'
 lux 

'
 

'-

   Compounds added  c2H4b'  Rlelative 

-'c2'H4b
 

-'
 RelativE' 

"'-

aetivity10084Sl106

the  indicated conipoundi  for 1 hr at  300C,

added  at  concentrations  of  5 × 1Ont3M,  10 ,ttg,/ml

NII-Electronic  Mbrary  
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Fig. 5. f!Zibcts of DCMU  on  acetylene  reduciten  by Anabaena cylindrica,  Cells were  incubated for
SO min  in the presence or  absence  of  DCMU  and  ammonia  before the assay  of  acetylene  reduction.

-O-:
 DCMU  alone  (Ad), -･e-: ammonia  (5× 10-3M)  was  added  with  DCMU  (Ad+a), -O-:

(1-Ad+a/Ad) × 100 (91o)-

activity  to a  similar  extent  at  22,OOOIux. At 400 lux, ammonia  reduced  the

activity  by 85%,  while  chloramphenicol  had no  effect.

   Fig. 5 and  6 show'  efllects of3-(3,4-dichlorophenyl)-1,l-dimethyl  urea  (DCMU),
an  inhibitor of  photosynthetfc electron  transport,  and  carbonyl-cyanide-m-chloro-

phenylhydrazone (CCCP), an  uncoupler  ofphosphorylation,  on  the acetylene-reduc-

ing activity.  These compounds  were  added  30min  before the  start  of  activity

measurements.  50%  inhibitien was  observed  at  ca.  I ×  IO-6 M  of  DCMU  and  at

ca,  5 × 10-6 M  of  CCCP,  This supports  the  view  that  the reductant  ancllor  energy

TtEs5.1)･ptE>goEqvoELoL"xNv
O,4

O,2

f

        -

vA-----tr-'-.-x'/o/11/1!1Px

100

  o

  9
  x

 ･le;Nsoe

 v

 <<
  t
  r

 v

o    -7･5xlOCCCP(M)lxlo-6 s,lo-S

Fig. 6, IIZfbcts ofCC(]P en  acetytene  reduction  qv Anabaena  cylindrica.  Cells were  incubated for 30 min

in the presence or  absence  of  CCCP  and  ammonia  before the  assay  of  acetylene  reduction.  --O-:

CCCP  alone  (A.), 
-e-:

 ammonia  (5× 10-3M) was  added  with  CCCP  (Ac+a), --O--: (1-
Ae+atAc) × 100 (9{,)･



The Japanese Society of Plant Physiologists

NII-Electronic Library Service

The  JapaneseSociety  ofPlant  Physiologists

Effect of  ammonia  on  nitrogen  
'fixation

 by  Anabaena 139

Fig, 7. IIZ7bcts of DCklfU  and  chlora,mphenicet

on  acetylene  reduction  bj Anabaena  cylindrica,

Cells were  incubated for 30min  in the

presence or  absence  of  DCMU  and  chloram-

phenicol  before the assay  of  acetylene  redue-

tion. -O-:
 DCMU  alone  (Aa), -e-:

chloramphenicel  (50itg/ml) was  addedwith

DCMU  (Ad+tr), -"O-: (1-'Ad+elAa)× 100

(9･･t,),

?Ey,t

 O.5ae>

 O.4t;Ea

 O.3ieE

 O.2tsL="

 O.1Uos

  o

DCMU  CM)

100

50

 oo...

 xTff

 <v,v

necessary  for the  reduction  of  N2  or  acetylene  are  produced through  the photo-
synthetic  process.

    When  ammonia  was  supplied  together  with  DCMU  or  CCCP,  the acetylene-
reducing  activity  was  significantly  reduced  during an  incubation period as  short  as

8e min.  The  higher the  concentration  ofDCMU  or  CCCP.  the  more  intense was
the  effbct  ofammonia  (Fig. 5 and  6). These  results  are  consislent  with  the enhanced
ammenia-inhibition  observed  under  weak  light conditions.  Both the presence
of  DCMU  or  CCCP  and  the  reduction  of  light intensity bring about  a  lowering
of  the level of  reductant  and  ATP.  No  such  synergistic  effect was  observed  when

chloramphenicol  was  added  together  with  DCMU  (Fig. 7). Ammonia  stimulated
C02  uptake  whereas  DCMU  and  CCCP  suppressed  it <Table 6).

                            Discussion

    The  hypothesis that the size  of  the  intracellular ammonia  pool regulates  nitro-

genase synthesis  cannot  be directly applied  to nitrogen  fixation in A. cptlindeica,
since  free ammonia  was  hardly detectable, within  the limits of  precision of  our

ammonia  determination (1 × 10-iimole per mg  dry cells), in cel]s  of  A. aylind}'ica
even  when  culturing  was  conducted  in the  presence of  IO-3 M  of  ammonia.

Table
 6 llebcts of ammonia,  CCCP  and  DCMU  on  C02  assimilation  ey Anabaena cylindrica

Cempounds  added  (M) "l CO2  used/s  rn1  cell  suspenk'i5n  "

NoneNH.iClcccpcccpDCMU

5 ×  IO-31

× 10-61

× lo-s1

× IO-s

326239l64

"

 5 ml  cell suspension  

'(O.2
 mg  proteintml) was  incubated in the presence of  the in-dlcated coih'pound

for 45 min  in argon.  Ligbt intensity: 22,OOO ]ux, temperature:  30eC,
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    However, the level of  labile amino  compound(s)  increased ten  times  when

ammonia  was  supplied  to N2-grown  cells  ofA.  aylincth'ica. This suggests  that,  in A,

aylindooa, assimilated  ammonia  is rapidly  metabolized  to produce a  labile amino

compound(s).  If this  is the  case,  the  pool of  labile amino  compound(s)  instead

of  the  ammonia  pool, as  postulated by Dalton and  Mortenson (2), would  fbrm

the  key regulator  of  nitrogenase  synthesis.

    Glutamic acid  fbrms a  major  free aminQ  acid  in A. aylindeica grown  under

nitrogen-fixing  conditions  (Table l), as  was  also  observed  in both Gram-negative
and  

-positive
 bacteria (15). But, basic amino  acids  such  as  lysine, histidine and

arginine  are  more  abundant  in cells  grown  on  ammonia  (Table 1). Under  N2-
fixing conditions,  glutamic acid  is probably synthesized  by  the  action  of  glutamate
dehydrogenase and!or  glutamate  synthetase  (I6). The  decrease in glutamic  acid

content  observed  when  ammonia  was  added  to N2-grown  cells  caR  be explained

if ammonia  is assimiiated  through  the pathway  fbr glutamine  synthesis  firom gluta-
mie  acid  and  ammonia,  as  has been found in root  systems  of  green plants (17).
Accumulation  of  glutamine  may  in turn  aceelerate  the forrnation of  arginine  and

histidine.

    When  incubated for 3 hr in the  presence ofammonia  (1 × 1OL3 rvf), the  acetylene-

reducing  activity  of  A. aylindrica decreased to about  50%  (Fig. 1). Under  these

condit{ons,  the  doubling time  of  this organism  was  over  24hr. Therefore, the

observed  drop in activity  cannot  be due  to dilution of  the preformed  nitrogenase

as  discussed above,  A  similar  rapid  decline in nitrogenase  activity,  as  compared

to growth, in the  presence of  ammonia  was  also  reported  with  Agotobacter chroococcum

(I8), Rhodospirillum rubrum  (19) and  Azolebacter vinelandii  (W.J. Brill, cited in re £

2). Some  other  mechanism  must  be found te account  for the  function of  ammonia

in the regulation  of  nitrogen  fixation.

    Chloramphenicol and  puromycin have been suggested  to inhibit protein syn-

thesis by  blocking the  translation  on  70S  ribosomes,  and  cycloheximide  by blocking
the translation on  80S ribosomes  (20). As in the  bacteria and  sQme  blue-green
algae  (2J, 22), our  data also  suggest  that  nitrogenase  fbrmation in A. nygindeica
proceeds on  the  70S  ribosomes.

    Ammonia  and  chloramphenicol  suppress  the  activity  fbr acetylene  reduction

to a  similar  extent  under  strong  light conditions  (Table 5). Under  weak  light
conditions,  chloramphenicol  shows  no  inhlbitory efibct  on  acetylene  reduction,

whereas  inhibition by ammonia  is enhanced  (Table 5). When  ammonia  was

added  simultaneously  with  DCMU,  marked  enhancement  of  inhibition took place
(Fig. 5). In this case,  ammonia  almost  completely  suppressed  the  acetylene-re-

ducing activity  fbr a  short  incubation period of  30 min  (Fig. 5). Chloramphenicel
did not  show  this synergistic  effect  when  it was  added  together with  DCMU  (Fig,
7). These  results  provide evidence  which  supports  the  view  that  ammonia  acts

not  merely  as  an  inhibitor of  nitrogenase  synthesis  but also  as  a  metabolic  inhibitor,

    The  fact that  CCCP  is efllective  in reducing  activjty  for acetylene  reduction

at  a  cencentration  of  5 × 1076 M  (Fig. 6) is evidence  that  photochemically  produced
ATP  is used  fbr nitrogen  fixatlon (23, 24). The  addition  of  ammonia  together
with  CCCP  also  enhances  the inhibition of  acetylene  reduction  (Fig. 6). CCCP
suppresses  the ,C02  uptake,  but ammonia  accelerates  it (Table 6). Stimulation
of  C02  and  malate  uptake  in R. rubrum  by  ammonia  was  reported  by Shick <i9).
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   Oxygen  has a  strong  inhibitory effect  en  nitrogen  fixation in intact cells  <Tablc
4, ref  25) and  in a  cell-free  system  (-P6). Stewart and  Pearson (27) reported  that,

iii Anabaena and  Aibstoc, acerylene  reduction  occurred  mest  actively  at  p02  below
O.2atm.  Oxygen  is also  indispensable for the  inhibition of  nitrogen  fixation
by amrnonia.  Under  anaerobic  conditions  in the  light, the addition  of  ammonia

had no  inhibitory effect  on  acetylene  reduction  (Table 3). Oxygen  may,  directly
or  indirectly, contribute  to the  assimi]ation  of  ammonia  or  the formation of' the
labile amino  compound(s)  in the cell.

   Dalton  and  Mortenson (2) stated  that  control  over  nitrogenase  is exerted

in two  ways,  7';he .fixst is a  ooarse  eontrol  in tevhich £vnthesis of the enayme  is rapressed

tly an  excess  o.fene  q.f theProducts ofit's activity (ammonia); and  the other  is a.fine  control

in which  the activiij,  of the existing  nitrogenase  is controlled  bjJ one  of the Products, ADP;
or  more  specijicattJv bi?) ihe ratio ofA71P lo ADP  (28, 29). No  experirnental  evidence

is available  with  respect  to the  second  mechanism  for blue-green algae,  Ifammonia
is assimilated  by  A. op,linth'ica through  the  pathway for glutamic acid  synthesis  or

through  similar  processes, then  a  reductant  such  as  reduced  pyridinc nucleotide

as  weli  as  ATP  would  be consumed,  lf this is so, then  a  supply  of  ammonia

x･vQuld  result  in a  reduction  in the size  of  the rcductant  and  ATP  pools and,  in

turn, in a  lowering of  the level of  acetylene  reduction.  This is another  possible
control  mechanism  for nitrogen  fixation,

   M'e wish  to  thank  Dr. S. Hatanaka,  the C:ollege of  Gencral Educatioi], University of  Tokyo,  foT'
his advice  concerning  techniques  of  amino  acid  separation  and  )v{iss T. Ohsawa,  the Institute of

}vledical Science, Univcrsity of  Tokyo,  fbr her assistance  in amino  acid  analysis.  Many  thanks  are

also  due  to Dr. Y. Na.cai, thc Institute of  Medical  ScierLce, University efTokyo,  fbr his invaluable
suggestlons,
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