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SUMMARY 

I. The pattern of 15N 2 incorporation by serradella nodules has been examined. 
After 45 sec exposure to 15N`,, several nitrogen compounds were enriched, including 
ammonia, glutamic acid and glutamine; aspartic acid, alanine and asparagine were 
less labelled. 

2. Further enrichment of the uncombined ammonia of the nodules ceased after 
about 5 rain fixation, apparently due to the saturation of an extremely small internal 
ammonia pool with excess isotope. The enrichment of amino acids and amides con- 
tinued at a linear rate. 

3. Though the data are qualitatively consistent with the formation of amino 
acids and amides from ammonia in a single metabolic pool, where N o is fixed, a kinetic 
analysis indicates a more complicated situation than this. To preserve the position 
of ammonia as the key intermediate through which all newly-fixed N`, must flow, it is 
necessary to postulate the occurrence of two or more internal pools of ammonia active 
in early reactions of N2 fixation, in addition to the bulk of the nodule ammonia which 
remains unlabelled for more than I h. Other possible explanations are discussed. 

INTRODUCTION 

Data from labelling of nitrogen compounds in nodules with 'SN 2 generally 
suggest the sequence: Na ~ NH a + amino acids 1 a. Nevertheless, the identity of the 
primary nitrogen compounds and their quantitative importance in N2 assimilation 
remains uncertain. This doubt is reinforced by the lack of information of enzymes in- 
volved in N 2 incorporation. Preliminary experiments in this laboratory consistently 
failed to reveal the presence of glutamate dehydrogenase in any of the centrifugal 
fractions froin crushed lupin or serradella nodules. In addition, the relatively low 
labelling of ammonia by comparison with several other compounds 2,a has been a 
problem one not resolved by theories proposing dilution by a pool of unlabelled 
ammonia in nodules, since these other nitrogen compounds could also be present in 
more than one pool. Recently BERGERSEN ~ provided more convincing evidence that 
ammonia is the primary stable intermediate in N 2 fixation by soybean nodules. 

* Present address: l)epartment of Biological Sciences, Purdue University, Ind., U.S.A. 

Biochim, Biophys. ~!cta, 13 ° ( J 9()()) 285 294 



286 I .R.  KENN]~:DY 

In this  paper  a more extens ive  examina t ion  of 15N-labelling pa t t e rns  during 
symbio t ic  N2 f ixat ion is described,  s imilar  to the kinet ic  approach  adop ted  by  
ALLISON AND BURRIS ~ for the  s tudy  of 15N., f ixat ion by  Azotobacter .  In  a model  
erected for quan t i t a t i ve  t r e a t m e n t  of the data ,  the flux of ni t rogen th rough  the am- 
monia  pool of ser radel la  nodules has been examined.  

M E T H O D S  

Nodule material 
Nodules  for exposure  to 1aN 2 were ob ta ined  from serradel la  (Ornith@us sativus 

Brot.)  plants .  Rhibozium lupini (D-25 strain,  ref. 6) for inocula t ion of serradel la  seed 
was ma in t a ined  on yeas t -mann i to l  agar  7. "[he inocula ted  seed was ge rmina ted  in 
s ter i le  sand  and  t rans fe r red  to l iquid cul ture  when nodules were jus t  visible in the  
upper  roots. The  seedlings were suspended on poly thene  slats  in ae ra ted  solut ion 
held  at  22 ° of the  following composi t ion  (t*M concent ra t ion) :  KH2PO 4, ioo ;  KoSO4, 
2oo; MgSOa. 7 H20,  15o; CaC12, ioo ;  MnSO4. 4 H20,  io ;  sodium-ferr ic  e thylene-  
d i amine  d i - (o -hydroxyphenyl -ace ta te ) ,  IOO; HaBO a, 7.5; Na~Mo04"2 H20,  o.15; 
ZnSO4"7 H20,  o.6; CuSO4" 5 H20 ,  o.215; CoC12"6 H20,  o.o75. The  p H  of the  solut ion 
was ma in t a ined  in the  range 7.5-8.o by  an excess of solid CaCOa. Ferr ic  c i t ra te  a t  the  
same  concent ra t ion  can also serve as an iron source. The solut ion was changed at  
fo r tn igh t ly  in terva ls  to ma in ta in  r ap id  growth  of about  iooo  p lan ts  in 4oo 1 of solution. 
W a t e r  was deionised before p repa ra t ion  of the  solut ion and no combined  ni t rogen 
sources were added.  

15N techniques 
15N 2 was p roduced  from 15NH4C1 (96 % I~N, Isomet  Co.) b y  oxida t ion  over  

hea ted  copper  oxide s. The gas was s tored  over  2o O//o (w/v) Na2SO 4 solution, conta in ing  
0.25 M H2SO 4 to remove impuri t ies .  

All  n i t rogen samples  for I'~N analysis  were conver ted  to a mmon ia  for subsequent  
ox ida t ion  to N 2 with  hypobromi t e  s. The hypobromi t e  reagent  was s tabi l i sed with  K I  
to prevent  0 2 evolut ion 9. The abundance  of 152q in N 2 samples  was de te rmined  with  an 
Associa ted  Elec t r ica l  Indus t r ies  MS-3 mass  spec t romete r  by  measurenlen t  of the  ra t io  
of the  ion currents  a t  masses 28 and 29 . Peaks  at  e i ther  mass  32 or mass  4o were used 
t o  correct  for con tamina t ing  N2 from air. Tests  showed tha t  nea r ly  all the  air  was 
p r o b a b l y  der ived  from the solutions,  since d ry  evacua ted  RITTENBERC, tubes  1° did  not  
• conta in  enough gas to give measurab le  ion currents ,  though  tubes  conta in ing aqueous 
.solution did. The re la t ive  magn i tude  of these currents ,  af ter  sens i t iv i ty  correct ions for 
~each, d id  not  agree wi th  the  known composi t ion  of the  a tmosphere ,  bu t  agreed closely 
w i t h  the  composi t ion  of dissolved air n. This was considered in der iva t ion  of cor- 
rec t ion factors  for air  con tamina t ion ,  which were employed  in the  analyses  of 15N 
in s epa ra t ed  amino acids and  in uncombined  ammonia .  When  more than  IOO t*g of 
n i t rogen was avai lab le  for analysis ,  as af ter  K ie ldah l  digest ion or react ion of nodule  
ex t rac t s  wi th  n inhydr in ,  air  correct ions were unnecessary.  The  a tom per cent  excess 
lfN was ca lcu la ted  f rom the  a tom per  cent  15N d a t a  b y  sub t rac t ion  of the  abundance  
in the  to ta l -N of unlabel led  nodule  ext rac ts .  The  na tu ra l  abundance  of 15N in such 
ex t rac t s  was de t e rmined  as o.359-o.361 a tom per cent  15N. 
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Classes of nitrogen 
The following methods were employed to recover different classes of nitrogen 

from nodule extracts. 
(i) For determination of total enrichment in nodule extracts after exposure to 

15N2, organic nitrogen was converted to ammonia by Kjeldahl digestion with mercury 
catalyst 8. Digested samples were then steam-distilled from 12 ml of 13 M NaOH 
containing 8 % (w/v) Na2S20 3. IO H20 into o.I M H2SO4, and suitable aliquots taken 
for ammonia determination with Nessler's reagent 12. Each txg of NHa-N produced an 
absorbance in I.o-cm cuvettes of o.o35-o.o45 at 41o m/~ in 6.0 ml final volume. 
Absorbance measurements were made io rain after the addition of I.O ml of Nessler's 
reagent to a 5.o-ml aqueous ammonium sample. The nitrogen of ammonia recovered 
after Kjeldahl digestion is referred to as total-N. 

(ii) A more selective method for release of organic nitrogen as ammonia is by 
reaction with ninhydrin la. Ninhydrin-N represents nitrogen from several sources, 
including uncombined ammonia, most of the amino-N of amino acids and a small 
proportion of the amide-N of glutamine la. 

(iii) Uncombined nodule ammonia was recovered from nodule extracts by 
vacuum distillation ~4 at pH IO and 42'~, trapped in o.o5 M H2SO 4 and determined by 
Nesslerisation. 

(iv) Amino-N of amino acids was released as ammonia by the specific reaction 
with ninhydrin and recovered by distillation la. 

Fractionalion of amino compounds 
Amino acids were separated by a paper chromatographic technique. The super- 

natant from centrifugation of ethanol extracts of nodules was concentrated by 
vacuum evaporation at 3 °° and a sample applied as a band to the origin of 57 cm >~ 
46 cm sheets of oxalic acid-washed Whatman No. 3 filter paper. Chronlatograms were 
developed by descending solvent flow. A preliminary separation was achieved with 
75 ml of phenol-water (80 °/o, w/v). Papers were dried in an efficient fume-hood for 24 tl 
and narrow strips were cut from the chromatogranl and stained with o.I 0.o (w/v) 
ninhydrin in acetone. The strips were heated at 8o '~ for 5 rain for colour development, 
and unstained portions of the chromatogram were divided into five sections, each 
corresponding to a known group of the ninhydrin-positive compounds. Each group 
was eluted with 15o ml of 5o oJ/o (w/v) aqueous ethanol at pH 3.5, except that the one 
containing glutamine was eluted with neutral ethanol solution. The eluates were 
concentrated by vacuum-evaporation to about o.2 ml for a secondary separation in 
either bu t ano l -  acetic a c i d -  water (6o:15:25, v/v) or butanol-pyridine-water 
( I : I : I ,  v/v). 80 ml of solvent was employed per paper and amino compounds were 
located with ninhydrin solution. For release of the amino-N of ninhydrin-stained 
compounds as ammonia, the coloured bands were cut from the chromatograms, placed 
as rolls in i-inch-diameter test tubes and reacted with ninhydrin la, after removal of 
contaminating ammonia by addition of 2 ml of o.i M K2HPO4-KOH buffer at pH lO. 5 
to each tube, with drying of the papers under vacuum over concentrated H 2S0 4 for 48 h. 

Exposure of nodules to 15N 2 
Serradella nodules were stripped from plants in the laboratory for exposure to 

I~N~. To minimise variability, the nodules were thoroughly mixed, and samples of 
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7-9  g f r e sh -we igh t  added  to 50- or I o o - m l  exposure  flasks. The  nodules  were  twice  

f lushed wi th  a rgon  b y  e v a c u a t i o n  and  t h e n  exposed  to  a gas m i x t u r e  con t a in ing  o . I o  

a t m  en r i ched  N,e, o.25 a t m  O,, and  o.65 a t m  argon.  W h e n  I.O a t m  pressure  was r eached  

each  flask was  i so la ted .  R e a c t i o n  was t e r m i n a t e d  by  r ap id ly  c rush ing  the  nodules  in 

w a r m  8o °o (w/v) a q u e o u s  e thano l .  T h e  c rushed  nodu le  m a t e r i a l  was  f i l tered and  

w a s h e d  on p o l y v i n y l e h l o r i d e  f i l ter  pape r  by" suct ion.  T h e  f i l t ra te  plus washings  was 

c e n t r i f u g e d  at  2oooo  ( g for 15 rain and  the  s u p e r n a t a n t  f luid c o n c e n t r a t e d  by  

v a c u u m  e v a p o r a t i o n  a t  3 o ' .  The  c o n c e n t r a t e  was s to r ed  a t  2o '~ ti l l  r equ i red .  

A m m o n i a  was  n o t  lost  u n d e r  pa r t i a l  v a c u u m ,  since e x t r a c t s  p r e p a r e d  in th is  w a y  had  

a p H  of 6 or  less, dec l in ing  to  a b o u t  p H  5 du r ing  concen t r a t i on .  Tes t s  showed  t h a t  the  

s a m e  q u a n t i t y  of a m m o n i a  was  r e c o v e r e d  per  g of nodules  w h e t h e r  e x t r a c t s  were  

c o n c e n t r a t e d  p r e v i o u s l y  or  not ,  b u t  i t  was des i rable  to  r e m o v e  e t h a n o l  before  a m m o n i a  

was d is t i l led  since e t h a n o l  in a m m o n i u m  samples  s o m e t i m e s  in te r fe red  wi th  mass  

s p e c t r o n l e t r y  ~a. 
A m m o n i a  was r e c o v e r e d  b y  v a c u u n l  d i s t i l l a t ion  1~ f rom dup l i ca t e  samples  of 

e x t r a c t  e q u i v a l e n t  to al)out  >5 g of fresh nodules .  A m i n o  acids were  s e p a r a t e d  f rom 

a l iquo t s  e q u i v a l e n t  to  a b o u t  3 g of nodules .  A m i n o - N  was t h e n  c o n v e r t e d  to a m m o n i a  

wi th  n i n h y d r i n ,  as desc r ibed  earl ier .  T o t a l - N  and  n i n h y d r i n - N  were  r e c o v e r e d  f rom 

d u p l i c a t e  s amples  of e x t r a c t  e q u i v a l e n t  to o. 5 g of fresh nodules .  

R l c S U L f 5  

Ser rade l l a  nodu les  p r o v e d  re l iab le  m a t e r i a l  for s tudies  on laX,, f ixa t ion .  The  ra te  

of f ixa t ion  r e m a i n e d  l inear  for a t  leas t  9o rain a f te r  excis ion (see Fig.  I), p r o v i d e d  

exposu re  flasks c o n t a i n e d  suff icient  02  to  p r e v e n t  s igni f icant  decreases  in O., t ens ion  

b y  r e s p i r a t o r y  c o n s u m p t i o n .  Se r r ade l l a  nodules  c o n s u m e d  2oo -4oo/,1 of O,, per  g fresh 

we igh t  pe r  h. 

Enrichment of the ammonia pool of serradella ,nodules 
T h e  p a t t e r n  of e n r i c h m e n t  in t he  t o t a l - N  and  the  a m m o n i a - N  of se r rade l la  

nodu les  is shown in Fig.  I. T h e r e  was no d e t e c t a b l e  lag in e n r i c h m e n t  of e i ther .  
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tqg. i. Enrichment of alnnmnia and of total-N in serradella nodules exposed to lSN 2. Exposure t : 
io g samples of nodules from plants cultured in solution for 8 weeks were exposed to a gas mixture 
containing o.i atm N2 (59.o atom per cent lsN), o.25 a t ln  O 2 and o.65 atm argon. Re~ction wa.~ 
terminated as indicated by rapidly crushing nodules in 5 ° Inl of warm 80 ° o ethanol. Ammonia and 
total-N were recovered as described in METHODS. ~ - - - - ~ ,  ammonia; O -O, total-N. 
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The curve obtained for accumulation of excess ~SN in nodule ammonia indicates the 
existence of an internal pool of ammonia in serradella nodules which is rapidly 
saturated with excess ~SN, presumably to the extent of the enriched N2 gas. This result 
confirms the opinion of previous workers that the low labelling of the ammonia in 
soybean nodules 2 and non-legume nodules a was the result of dilution by ammonia not 
in equilibrium with that newly-fixed. 

TABI~F. 1 

IgNRICHMENT OF AMMONIA, NINHYDRIN--~N ~ AND TOTAL-N IN SERRADI~2LLA NODULES EXPOSI:,D TO 15-~N" 2 

S e r r a d e l l a  n o d u l e s  f r o m  p l a n t s  c u l t u r e d  in  s o l u t i o n  for  4.5 w e e k s  were  e x p o s e d  a t  - ' 3  to  a ga s  
m i x t u r e  c o n t a i n i n g  o. t a r m  N 2 (69.8 a t o m  p e r  c e n t  ~SN), o.- '5 a t m  O e a n d  o.65 a r m  argon .  R e a c t i o n  
w a s  t e r m i n a t e d  a t  t i m e s  i n d i c a t e d  b y  r a p i d l y  c r u s h i n g  n o d u l e s  in  5 ml  p e r  g of w a r m  8o % e t h a n o l .  
D u p l i c a t e  a n a l y s e s ,  p e r f o r m e d  as  d e s c r i b e d  in  METHODS, a re  shown.  T o t a l - N  w a s  r e c o v e r e d  b y  
BTjeldahl d i g e s t i o n  of t h e  e t h a n o l  so lub l e  m a t e r i a l ,  n i n h y d r i n - N  b y  r e a c t i o n  w i t h  n i n h y d r i n  a n d  
a m m o n i a  b y  v a c t m m  d i s t i l l a t i o n .  

Time ({f c.rposl,re 
(mi,) 

Enrichment  (atom per cent e.rcess lSN) 

A m m o n i a  N i n k y d r i n  N Total N 

:!~ 0.042 - -  o.oo0 
0.068 o.oo6 

2 ! -t 0 .070 0.036 0.023 
0.080 0.052 0.023 

4}4 o,132 0-096 o.o4~ 
O,147 0.092 0.042 

8 !.4 o, 135 o. 144 0-070 
o,169 o.13o 0.072 

A similar pattern of enrichment of ammonia was obtained in several other 
experiments, though the time taken for saturation of the internal ammonia pool was 
usually less than in Fig. I. This may have been a function of nodule age, since those 
used in this experiment were at a more advanced stage than usual, containing a 
proportion with partly green interiors, instead of the normal pinkish-brown. 

In a second experiment, nodules were sampled at an earliest time of 45 sec after 
exposure to 15~No. The same pattern of enrichment of ammonia was obtained, though 
the rate of enrichment of both total-N and ninhydrin-N was linear (see Table I). 
The enrichment in ammonia was about the same at 4 ~ min exposure as at 8 7/4 nlin. 
Assuming that the maximum enrichment in the internal ammonia pool which saturated 
approached that in the N 2 gas supplied, this internal pool included only approx, o.3 % 
of the total nodule ammonia or about Io m/zmoles ammonia per g. In the size of the 
internal pool, and the time taken for its saturation, these results are closely similar to 
those described recently 4 for fixation in soybean nodules. 

Enrichment in amino compounds 
The time course of enrichment in amino compounds is shown in Fig. 2. Glutamic 

acid was the most highly labelled compound, though at the earliest time of exposure, 
45 sec, ammonia was slightly more enriched, The other important compound was 
glutamine. At 45 sec the enrichment in glutamine was greatest in the nitrogen released 
by ninhydrin, but since this degradation is not completely specific for the a-amino-N 
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of this amide, some dilution from the amide group probably occurred. The residue is 
referred to as amide-N in Fig. ~, though the method is not specific. Since recoveries 
of nitrogen by Kjeldahl digestion of the residue were in the range, 9o-z3o °o of those 
obtained by reaction with ninhydrin, this should be approximately true. 

0.~ 

0.~ 

z 

~o~ 

u 

$ 
O_ 

o E 
~ o  

/ 

Exposure t ime (min) 

°8I & 

O.C 

~ 0.4 

t_ 

,~z o.2 ~ z~ 

ud~ 2 4 6 8 
Exposure time (rain) 

Fig. -'. Time course of atom per cent excess 15N in amino compounds.  Exposure  e : Conditions for 
exposure of nodules were as described in Table I. Amino acids and amides were separated by paper  
chromatography  and amino-N released with ninhydrin.  The enr ichment  in amide-N is tha t  in the 
nitrogen remaining after reaction of separated amides with ninhydrin.  2- 2',, glutamic acid; 
O O, glutamine amino-N; • - - • ,  glutamine amide-N; • • ,  alanine; V V, aspartic acid; 
~J-- C~, asparagine alnino-N; • - • ,  asparagine amide-N. 

Yig. 3. Time course of ltg of excess lSN in amino compounds.  Exposure  2 : Conditions for exposure 
were as in Table 1. The data are derived from those shown in Fig. 2, taking into account the total 
nitrogen concentrat ion of each compound in nodules. G A, glutamic acid; O O, glutamine 
amino-N;  • - - • ,  glutamine amide-N; A - - a t ,  alanine; V -W, aspartic acid; ~ ~ ,  asparagine 
amino-N;  • • ,  asparagine amide-N. 

The enrichment of the compounds is plotted as fig of excess 15N per g of fresh 
nodules in Fig. 3. The pre-eminent position of glutamic acid is accentuated in this 
plot. Of the other compounds, asparagine is increased in stature in spite of the 
relatively low enrichment in atom per cent excess of its nitrogen atoms, since it was 
quanti tat ively the major compound in the extracts. Apart  from glutamic acid, glu- 
tamine and asparagine, only alanine and aspartic acid contained significant excess 
XSN after 8 ¼ rain reaction. In arriving at this conclusion all ninhydrin-positive 
compounds were examined for excess 15N by reaction with ninhydrin, followed by 
Kjeldahl digestion of the residue. 

The enrichment in the significant compounds as a percentage of the total fig oi 
excess I~N in the extracts is shown in Fig. 4. This figure demonstrates that  ammonia, 
glutamine and glutamic acid were the most important  vehicles of excess isotope after 
45 sec. The excess 15• in ammonia as a percentage of the total fell rapidly as the 
ammonia pool saturated. The percentage in glutamic acid increased slightly up to 
8 5~ min at the conclusion of the exposure. The share of other compounds in the total 
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excess ~SN remained approximately constant, indicating that their rate of enrichment 
was linear. 

In Fig. 5 is shown the ~g of excess I~N in various classes of nitrogen bondings 
as a percentage of the excess 15N in total-N. Also plotted is the deficit of excess tracer, 

100 

30 

~2c 
0~ 

0) 
o l  o 

D_ 

8C 

6C 

-6 
g 

g 2~ 

I I I I a_ 
2 4 6 8 

Exposure time (min) 

0 
& 

Exposure time (rain) 

Fig. 4. Percentage of #g of excess tSN in total-N contained in amnlonia,  and in amino compounds.  
Exposure  2 : Conditions for exposure of nodules were as in Table i. & - - A ,  glutamic acid; © O, 
glutamine;  0 - - 0 ,  asparagine;  ~k--~k, aspart ic acid; [] ~ ,  alanine; • • ,  ammonia.  

Fig. 5- Percentage o f / , g  of excess 15N in total-N recovered in ammonia,  amino-N and amide-N. 
Exposure  2 : Reaction conditions were as in Table I. Amino-N was obtained from the sum of the 
excess lSN recovered in indivdual amino acids separated by paper  chromatography.  Ninhydr in-N 
(see METHODS) is also shown, bu t  this was not  used in est imation of the deficit, obtained by 
subt rac t ion  of the l*g of excess 15N in ammonia,  amino-N and amide-N from tha t  in total-N. 
• • ,  ammonia ;  0 - - 0 ,  amino-N;  O - - © ,  amide-N; A - - A ,  deficit; D - - ~ I ,  ninhydrin-N. 

obtained by subtraction of excess 15N in ammonia, amino-N and amide-N from that 
in total-N. This deficit was 13 % of the excess 15N in total-N after 15 sec, increasing 
to about 34 % after 8 ¼ min. Part  of this can be ascribed to inevitable losses of amino 
acids during paper chromatography. The loss with authentic samples of glutamic acid, 
alanine, glycine, 7-aminobutyric acid and isoleucine was 12-25 % of each amino acid 
taken through all the phases of the chromatographic procedure. This does not account 
for more than part of the deficit, however, and excess 15N must have been present in 
other ethanol-soluble compounds of unknown identity. 

DISCUSSION 

A feature of the enrichment of nitrogen compounds in fixation by serradella 
nodules was the rapidity with which several compounds obtained significant excess 
15N. Thus at 45 sec exposure there was little difference between ammonia, glutamic 
acid and glutamine in enrichment. I t  was unlikely that more definite information 
could be gained of the precursor-product relationship from briefer exposures ot 
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serradella nodules to 15N 2. A further problem in interpreting labelling data from 
legume nodules is their complexity of structure. This makes possible the occurrence of 
many sources of molecules of each compound obtained by extraction 15,16. Consequent- 
ly, direct comparisons of enrichment data may be misleading for deciding which 
compounds are precursors and which their products. 

The well-defined pattern of ammonia enrichment in serradella nodules en- 
couraged a kinetic analysis of the data in an attempt to determine the flux of nitrogen 
through the ammonia pool (along lines which have been employed for study of inter- 
mediates by 14C-labelling). The intermediate stages of N2 assinlilation can be depicted: 

A -:- 13 (pr imary  s table  n i t rogen compound)  
+ 
(" 

4 (secondary and  te r t i a ry  produc ts ,  amino  acids etc.) 

D 

In this scheme, the concentration of free intermediates at the site of fixation is rep- 
resented bv A, B, C, D. The labelling pattern of ammonia indicates the existence of a 
discrete compartment in the nodules in which the primary products are formed. For a 
model systetn in which Compound 13 acts as an intermediary compound for all fixed 
N2, the estimated turnover of nitrogen in B should equal the rate of fixation. 

Z1LVERSMIT lv discusses a model for labelling of a metabolite frtnn a labelled 
precursor of constant specific activity. The relationship 

S B - -  S A ( I --  e ]¢:) ( I ) 

i s derived, in which the specific aetivity of Compound B at any time I is represented by 
SB, the specific activity' of precursor A by S,,  and h denotes the fractional turnover 
rate (the proportion of the total of B renewed per unit time). From (x) 

NA In let (~) 
S .  Sa  

A reasonable interpretation of the results for labelling of the ammonia pool 
would be that ammonia is the primary stable intermediate in symbiotic fixation, and 
that other nitrogen compounds such as glutamie acid and glutamine are formed 
directly from it. When the data for early enrichment of ammonia were applied in 
Eqn. 2 and turnover constants calculated for each time, however, a marked discrepancy 
approaching one order of magnitude between calculated rates of turnover and the 
observed fixation rate was found (Table II). Even errors of up to 25 °o in JYN analysis 
make little difference to the order of the discrepancy. Since the possible error was 
considerably less, the data are inconsistent with the model. Other explanations need 
to be advanced to explain the labelling pattern, though these must take note of the 
clear qualitative evidence for the existence of an internal mnmonia pool active in early 
reactions of fixation. 

An explanation for the failure of the model could be that ammonia is not the sole 
vehicle of nitrogen flow to amino acids and other organic compounds. For instance, 
intermediates between N 2 and ammonia could be directly involved in amino acid 
formation as BACH 10 suggested in a scheme for N,~ fixation by Azotobacter, in which 
hydrazine combined directly with c~-ketoglutarate, producing either glutamine or 
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T A B L E  II 

TURNOVER CONSTANTS FOR THE AMMONIA POOL OF SERRADELLA NODULES 

S A m m o n i a  at  t 
SB = SA × 5 A m m o n i a  a t  sa tura t ion"  The t u r n o v e r  t i m e  (h), the  inverse  of k, is the  period re- 

quired for the  f lux of n i trogen  through  the  h y p o t h e t i c a l  a m m o n i a  pool  to equal  its magn i tude .  
The size of the  ac t ive  a m m o n i a  pool was  der ived  by  proport ion  from the  final e n r i c h m e n t  of to ta l  
nodule  an lmonia ,  the  e n r i c h m e n t  of the  N2 gas suppl ied (SA), and the  a m m o n i a  concentrat ion;  
this  is e q u i v a l e n t  to the  t u r n o v e r  per tt. 

Erposure SA STolal nodule 
lime t ammonia al 
(see) time t 

(atom per cent 
excess lSN) 

,STotal nodule ammonia A mmonia-N conce~ztration 
when satt trated (/Lg/g fresh weight) 

Exposu re  I I20 58.6 o.142 0.275 3E.7 
JZxposurc 2 45 (99.4 0.055 o.152 55-9 

i35 69.4 o.o8o o. I52 55.9 

Calculated SB k(sec 1) t t (see) Calculated turnover per tt 
(atom per  cent (ttg N/g fresh weight) 
excess 15N) 

.4 clual lotal fixation 
(,ag N./g fresh weight) 

Exposu re  I 30.3 0.00606 165 o.149 0.888 
Exposure  2 25.1 0.00998 IOO o.123 0.552 

36.5 o.oo554 I8[  o. I23 o.998 

glutamic acid plus ammonia. While the present results do not eliminate this possibility 
for symbiotic N 2 fixation, the lack of correspondence between the pattern of labelling 
of glutamic acid and ammonia is at variance with it. Another possibility not com- 
pletely excluded by these results is one involving hydroxylamine in amino acid forlna- 
tion, via oximino acids. However, no specific evidence for this has been presented, 
and the route from N2 to hydroxylamine is thermodynamically unfavourable 2°. Also, 
t~ERGERSEN 4 has shown that ahnost IOO % of the excess 15N can be recovered in 
ammonia alone after i rain exposure of soybean nodules to laN2--unl ike serradella 
nodules, soybean nodules apparently show a lag before excess 1aN is incorporated in 
amino acids. Moreover, K I D B Y  AND DILWORTH 21 have recently shown glutamate 
dehydrogenase in bacteroids of R. h@ini isolated from both lupin and serradella no- 
dules. The activity recorded was adequate to agree with the hypothesis that synthesis 
from ammonia is the unique route of amino acid formation, judged by the rates of 
~aN,, fixation by detached nodules. 

The discrepancy between this view and the calculated flux of nitrogen through 
the annnonia pool of serradella nodules can be resolved by postulating the existence of 
more than one internal pool of ammonia saturating with excess laN, with only one 
directly concerned in amino acid formation. This explanation is supported by the 
results of pulse-labelling experiments with serradella nodules 1~, in which there was a 
rapid displacement of about half the excess 1aN in ammonia within 15 sec of removal 
of *aN 2 and substitution with 14N~; the remainder of the excess 15N in ammonia was 
displaced at a greatly reduced rate. Thus, though the kinetic analysis fails to provide 
rigorous proof of the ammonia hypothesis of N2 assimilation, the results, in general, 
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are consistent with it. No attempt was made to calculate the turnover of nitrogen in 
glutamic acid or glutamine, since the size of the active pools could not be estimated. 
Unlike the ammonia pool, these were probably unbounded, due to translocation from 
the region of fixation. It is unnecessary that other major "ports of entry" for nitrogen 
into organic combination occur : between them, glutamic acid and glutamine contained 
more than half the excess ~SN in amino compounds. 
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