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SUMMARY 

I. By supplying serradella nodules with a pulse of tracer 15N 2, and observing 
the rate of displacement of excess ~N from certain nitrogen compounds, the role of 
these compounds in symbiotic nitrogen fixation has been examined. 

2. The labelling patterns obtained support the primary position of ammonia as 
a stable intermediate, and indicate that glutamic acid plus glutamine are the primary 
amino compounds. Other amino acids appear to be of secondary origin. 

INTRODUCTION 

Results of short-term exposures of serradella nodules to 15N 2 were consistent 
with the primary role of ammonia in N 2 incorporation, and indicated that glutamic 
acid and glutamine are formed from it 1. However, it remained possible that other 
amino compounds are also formed directly from ammonia, since several were labelled 
after only 45 sec exposure to I~N 2. 

In this paper more definite evidence on precursor-product relationships in 
symbiotic N 2 fixation is presented. This was obtained by supplying detached serradella 
nodules with a pulse of tracer ~N, by exposure t o  15N 2 for several minutes, followed 
by their re-exposure to air. By halting the metabolism of the nodules at selected 
times after pulsing with aSN2, it was possible to observe the rate of displacement of 
excess iSN from ammonia and amino acids. The pattern of this displacement provides 
further evidence for deciding the sequence of formation of the primary compounds. 

METHODS 

Nodule material 
Nodules were obtained from serradella (Ornithopus sativus Brot.) plants cultured 

in solution 1 for 5 weeks. Serradella seed was inoculated with cultures of Rhizobium 
lupini (D-25 strain, ref. 2) before germination. At 5 weeks of age, the nodules were 
a uniform pink-brown in the infected tissue. 
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lsN analysis 
Techniques for product ion of laNe from ~aNHaC1, preparat ion of gas mixtures 

with oxygen and argon, and mass spectrometric analysis of 15N have been described 1. 
Total-N was recovered as ammonia  from nodule extracts  after Kjeldahl digestion; 
ninhydrin-N was obtained by  reaction of extracts  with ninhydrina; uncombined 
nodule ammonia  was recovered by vacuum distillation4; amino-N of amino acids 
separated by  paper ch romatography  in two dimensions was converted to annnonia 
by  reaction with ninhydrin.  These procedures are described at length in ref. i. 

Pzdsing of nodules with l a s t  2 

Nodules were removed from the plants in the laboratory,  thoroughly mixed, 
and Io.o-g samples were weighed into lnuslin bags. The nodules were exposed t(} a 
gas mixture  containing o.Io a tm N 2 (69.8 a tom per cent lSN), o.25 atm O., and 
o.65 atm argon after a preliminary flushing with argon. After 8 rain exposure at 23 '  
to ~SX-enriched gas, an exposure flask containing several of the samples of nodules 
was evacuated,  flushed with argon, re-evacuated and exposed to air. This ~4}eration 
was complete in I5 sec. React ion was then terminated at intervals in the f,~llowing 
8 rain bv plunging the muslin bags into liquid N2. Samples of nodules continuoush" 
exposed for 4, 8 and It) rain were also "killed" in this way. By" freezing the nodules, 
it was possible to sample the tmlsed series at intervals as low as ~5 sec without  
difficulty. To extract  nitrogen compounds from the frozen nodules they were inunersed 
in boiling 8o % aqueous ethanol (5 nd per g nodules), boiled for i rain, and crushed. 
After I h, the nodule material  was filtered with suction and washed with 75 °i, ethan.1. 
The extract  j)Izts washings was centrifuged at 20000 : : ,~ for 15 rain, ethanol removed 
from the supernatant  by vacuum evaporat ion at 3o ' ,  and known aliquots ~f the 
concentrate  (pH approx. 5) taken for analysis. 
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]Fig. 1. E n r i c h m e n t  of to ta l -N and of n inhyd r in -N  in nodules  pulsed wi th  lSN 2. The procedurc  
for exposure  is descr ibed in MV:THODS. Tota l -N was recovered by  Kje ldah l  d igest ion of the e thanol-  
soluble ext rac ts ,  n inhydr in -N  by  reac t ion  wi th  n inhydr in .  Tota l -N:  • - -m,  cont inuous ;  Z] 23, 
pulsed;  n inhyd r in -N:  • - - • ,  con t inuous ;  O - - O ,  pulsed. The range of dup l i ca te  ana lyses  is 
indica ted .  
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RESULTS 

The p a t t e r n  of en r ichment  in to t a l -N  and  in n inhydr in -N,  wi th  t ime of exposure,  
is shown in Fig.  I.  The  enr ichment  in to ta l -N was cons tan t  af ter  pulsing. This  is good 
evidence for the  absence of t ransfer  of excess ~aN to insoluble ma te r i a l  dur ing this 
t ime,  confirming the resul t  f rom ~aN analysis  of the  residue. W i t h  cont inuous  exposure 
to 15N~, the  increase in enr ichment  of to ta l -N in the  soluble n i t rogen was linear. 

The ra te  of enr ichment  in n inhydr in -N  with  cont inuous  exposure  was also 
l inear,  bu t  there  was a marked  decline in enr ichment  af ter  pulsing. This indicates  
t ha t  excess 15N was progress ively  lost to n i t rogen compounds  which are not  degraded  
to ammon ia  b y  n inhydr in .  N inhydr in -N  includes the  ni t rogen of uncombined  am- 
monia,  amino-N of amino acids and of amides,  and  o ther  uns tab le  ni t rogen compounds .  

The enr ichment  pa t t e rn  for uncombined  ammon ia  is shown in Fig. 2. Two types  
of curve for enr ichment  wi th  t ime are given, the  a tom per cent  excess ~SN, and ~g 
excess ~aN in ammonia  per  g of fresh nodules ;  the  tzg of excess isotope was ca lcu la ted  
from the to ta l  pool of nodule  ammonia -N and its enr ichment ,  wi th  a correct ion for 
the  grea ter  mass  of 15N. 
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Fig. 2. Enrichment of ammonia in nodules pulsed with a'SN.,. The protocol for exposure of nodules 
and extraction of ammonia is described in METHODS. Ammonia was recovered by vacuum distil- 
lation. Continuous exposure, Q - - O ;  pulsed exposure, O O. The range of duplicate analyses 
is indicated. 

As was shown in ear l ier  exposures  l, the  nodule  a mmon ia  ac t ive  in ear ly  react ions  
of N 2 f ixat ion was s a t u r a t e d  wi th  excess 15N af ter  several  minutes  of exposure.  In  
the  pulsed series, there  was a r ap id  d i sp lacement  of excess I~N from a mmon ia  once 
the  1~N 2 was rep laced  b y  air. In  15 sec, the  amoun t  d isplaced was o.o27/~g excess 
~SN per  g of nodules  from a s a t u r a t e d  pool  conta in ing  o.o43 ~g excess aSN per  g. The 
previous  ra te  of enr ichment  in the  to t a l -N  of the  nodule  sample  concerned was o.o6 t~g 
excess aSN per  g per  15 sec. Thus  abou t  half the  ex t r a  a4N incorpora ted  in the  15 sec 
of re-exposure  to air  was p r e sumab ly  loca ted  wi thin  the  a mmon ia  pool,  replacing ~SN. 

This  is specific, d i rec t  evidence t h a t  a m m o n i a  is r ap id ly  ass imi la ted  into o ther  
compounds .  In  addi t ion ,  the  label l ing p a t t e r n  suppor t s  the  existence of a second 
ammon ia  pool in ser radel la  nodules,  also sa tu ra t ing  wi th  excess I~N, b u t  not  on the  
direct  p a t h w a y  of N2 incorpora t ion  into amino compounds ,  since the  in i t ia l  r ap id  
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rate of displacement of excess 15N from ammonia  was followed by a period of several 
minutes  in which a less rapid displacement occurred. This possibility for serradella 
nodules was postulated previously 1. 

En r i chmen t  pat terns  in several amino compounds are shown in Figs. 3-7. The 
enr ichment  in glutamic acid was much greater than  in any  other ni trogen compound.  
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Fig. 3. Enrichment of glutamic acid in nodules pulsed with lSN. 2. (;lutamic acid was recovered 
by paper chromatography in two dimensions (ref. 1) and its amino-N released with ninhydrin. 
Continuous exposure, • - 0 ;  pulsed exposure, O O. The range of duplicate analyses is 
indicated. 
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Fig. 4. Enrichment of aspartic acid ill nodules pulsed with 15X. 2. Aspartic acid was recovered by 
paper chromatography and its amino-N released with ninhydrin. Continuous exposure, 0 - - 0 ;  
pulsed exposure, O O. The range of duplicate analyses is indicated. 

This can also be seen in Table I, where representat ive values for enr ichment  of all 
forms of ni t rogen examined are given. In  the pulsed series, there was a marked dis- 
p lacement  of excess 15N from the nodule glutamic acid. The rate of transfer from 
g lu tamate  shown in Fig. 3 approximates  a first-order kinetic process, characteristic 
of a p r imary  labelled compound 5. This is good evidence that ,  as a ne t t  process, 
g lutamic acid is a precursor for other soluble ni t rogen compounds.  

The labelling in aspartic acid (Fig. 4) gives no indicat ion tha t  it was a precursoi 
for other ni t rogen compounds.  The pulsed curve is characteristic of an end-product ,  
or of an in termedia te  secondary to g lu tamate  since the excess 15N remained approxi- 
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mately constant. The curve for enrichment of alanine after pulsing (Fig. 5) is less 
conclusive. Insufficient data were obtained to definitely exclude alanine as a primary 
amino acid, but the low enrichment of alanine by comparison with that in glutamate, 
and the near constancy of its enrichment after pulsing suggest it was not. 
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Fig .  5- E n r i c h m e n t  of a lanine in nodules  pulsed wi th  15N. Alanine was recovered by  paper c h r o -  
m a t o g r a p h y  and its a m i n o - N  released wi th  n inhydrin .  Cont inuous  exposure,  O - - O ;  p u l s e d  
e x p o s u r e ,  O - - © .  
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Fig .  6. E n r i c h m e n t  of g lu tamine  in nodules  pulsed with  I~N~. Glutamine  was separated b y  p a p e r  
c h r o m a t o g r a p h y  and its a m i n o - N  released wi th  n inhydrin .  The residue from react ion w i t h  n i n -  
h y d r i n ,  after remova l  of the  ammonia ,  was  Kjeldahl-digested to determine  the  enr ichment  in 
t h e  a m i d e - N .  Cont inuous  exposure:  O - - Q ,  a m i n o - N ;  • - • ,  a m i d e - N ;  pulsed exposure:  O O ,  
a m i n o - N ;  A - - A ,  amide-N.  

The primary role of glutamine in nodule metabolism is indicated in Fig. 6. 
The fig of excess I~N data for glutamine were more variable than for glutamic acid, 
due to incomplete recovery of glutamine, particularly of the nitrogen referred to as 
amide-N. This was obtained by Kjeldahl digestion of the residue from reaction ot 
separated glutamine with ninhydrin. Since the enrichment in the nitrogen released 
from glutamine by reaction with ninhydrin was similar to that in the residual nitrogen, 
there is no problem in assigning it to amino-N and amide-N - -  a possible result of the 
incomplete specificity of the method for release of amino-N with ninhydrin s. Clearly, 
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both the amino-group and the amide-group of glutamine act as precursors for nitrogen 
in other compounds. 

Though the atom per cent excess ~SN in nitrogen groups of asparagine was low, 
the total excess lS~N in this compound was comparable to that  in glutamine, since 

Z 0.075- t - ~  ~'~C 0 0.1250.10C 

ioo 1 ioo1 , ~  c~ O07~ 

o.o25 

~: Q02£ 
o E 

4 8 12 16 

/ 

Reoction time {rain) 
Fig. 7. l£nrichnlent of asparaginc in nodules pulsed with lSN a. Asparagine was scparatcd by paper 
ch roma tography  and its ;tlllino N rekased with ninhvdrin.  The enrichment  Jn amidc-N ~xas 
determined with t(jeldahl digestion of the residual nitrogen from reaction with ninhvdrin.  ( 'on- 
t imlous exposure:  • • ,  amino-N; A ~,, amidc-N; pulsed exposure:  O O, amino-N; 
A / ,  amide N. 

asparagine is quanti tat ively the major amino coinpound in serradella nodules. Its 
pattern of enrichment after pulsing was unique among the compounds examined. 
The amount of excess ~sN in both nitrogen groups of asparagine increased in the S min 
following pulsing, indicating it is an end-product of the pr imary reactions of N~ in- 
corporation in serradella nodules. 

All ninhydrin-positive compounds recovered from the ethanol extracts were 
examined for enrichment. None of the remainder (Table i) appeared to be significant 
in the early reactions examined here, though they may be actively involved in nitrogen 
metabolism in regions remote from the site of fixation. 

1)ISCUSSION 

The results of this s tudy confirm and extend conclusions which were reached 
from short-term exposures of serradella nodules to lsN 2 (ref. I). They agree with the 
hypothesis that  ammonia is the first stable product of symbiotic N~ fixation, and 
that  glutamic acid and glutamine are primary organic products. 

There is a fundamental distinction between the data obtained by short-term 
labelling, and those obtained by pulse-labelling. The former should give a more 
accurate indication of the reactions immediately following activation and fixation 
of the X 2 molecule. But the lability of the nitrogen atom in its compounds constitutes 
a problem in deciding the pathway of nitrogen flow. Results obtained with pulse- 
labelling reflect a metabolic pattern possibly more remote from these initial reactions, 
depending on the extent to which pools of nitrogen compounds distant to the site of 
fixation have become labelled, and their turnover rate. However, with pulsing for 
a short time only, till the ammonia pool was just saturated, the reactions observed 
here should represent pr imary events in N,, fixation. 
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The close coincidence of the labelling pattern of the amino-N of glutamine and 
glutamic acid is probably due to their rapid equilibration. It is interesting to speculate 
that glutamine may represent the more easily transportable nitrogen compound, by 
reason of differing membrane permeabilities. In a situation where carbon skeletons 
for nitrogen incorporation may be limited, glutamine would be more economical for 
nitrogen transport from the region of the primary reactions. 

T A B L E  1 

G N R I C H M E N T  OF N I T R O G E N  C O M P O U N D S  IN S E R R A D t ~ L L A  N O D U L E S  P U L S E D  W I T H  15~T 2 

A n l i n o  a c i d s  w e r e  s e p a r a t e d  b y  p a p e r  c h r o n l a t o g r a p h y  in  t w o  d m l e n s i o n s  1, f i r s t  in  p h e n o l  w a t e r  
( 8 o % ,  w/v) ,  w i t h  e l u t i o n  f r o m  t h e  c h r o m a t o g r a m s  in  t h e  g r o u p s  i n d i c a t e d ,  f o l l o w e d  b y  re -  
c h r o m a t o g r a p h y  in  e i t h e r  b u t a n o l - p y r i d i n e - w a t e r  ( I : I : I ,  v /v )  l a s p a r t i c  a c i d  a n d  a s p a r a g i n e  
g r o u p s ) ,  o r  in  b u t a n o l - a c e t i c  a c i d  w a t e r  ( 0 o : I 5 : 2  5, v /v )  ( g l u t a m i c  a c i d ,  a l a n i n e  an t i  l e u c i n e  
g r o u p s ) .  O n l y  c o m p o u n d s  f o r  w h i c h  d e f i n i t e  i d e n t i f i c a t i o n  w a s  m a d e  h a v e  b e e n  n a m e d .  O t h e r  
n i n h y d r i n - p o s i t i v e  c o m p o u n d s  a r e  i n d i c a t e d  in  t h e i r  r e l a t i v e  p o s i t i o n  o n  t h e  c h r o n l a t o g r a n l s  b v  
l e t t e r s .  A n l i n o - N  of  t h e  s e p a r a t e d  a m i n o  a c i d s  w a s  r e l e a s e d  b y  r e a c t i o n  w i t h  n i u h v d r i n .  

C'on@cntnds Atom per cenl excess l<y 

COtllitlltOltS g.l'~OSltFle Pulsed ~3XpOSttF~! 
(rain) (miu) - -  puls~ terminated 

at 8 rain 

6' ~':k z0 ±2 14 *6 

T o t a l  N o . o 5 8  o. I18  
N i n h v d r i n - N  o . 1 4 5  0 , 2 7 7  
A m  m o n i a  0.2(35 o. 247 

A s p a r t a t e  g r o u p  
. \ s p a r t i c  a c i d  o. 154 o . 2 0 5  

G l u t a m a t e  g r o u p  
( ; l u t a m i c  a c i d  o . 7 3 o  1 .124  
S e r i n c  0 , 0 4 5  

A s p a r a g i n e  g r o u p  
T h r c o n i n c  o .o41  
J3 o . o 1 9  
G l y c i n e  0 . 0 5 0  0 . 0 7 3  
A s p a r a g i n e  ( a l n i n o - N )  o . o 2 3  0 . o 5 2  
A s p a r a g i n e  ( a m i d e - N )  o .o  5 

A l a n i n e  g r o u p  
. \ l a n n l c  o. 139 o. 298  
G l u t a m i n e  ( a m i n o - N )  o . 2 1 3  o . 3 2 o  
G l u t a l n i n c  ( a m i d e - N )  o . 2 8 o  

L e u c i n e  g r o u p  
L e u c i n e s  o .o31  o . o 5 o  
l ' n e n  y l a l a n i n e  o . o o 0  o . o 5 5  
C O.Olb 0 . 0 2 0  
D 0 . 0 3 9  - - 
/ - . X m i n o b u t y r a t c  o . o 2 6  o . 0 4 0  
0 ¢ - A m i n o b u t y r a t e  o . o 1 2  o .o21  
t ,  o . o 2 0  
t t o , o 2 0  0 . 0 2 8  
. \ r g i n i n e  - -  o . o 1 2  
1< 0.003 
L 0 . 0 3 3  

0 . 0 5 3  0 .053  o .o51  
o . l  IO o . I O l  (3.095 
O.135 (3.078 0 . 0 9 2  

0 . 2 3 7  o . 1 5 0  0 .202  

0 . 0 7 8  0 . 4 9 0  o . 5 o t  
o .183  

0 . 0 2 0  

0 . 0 5 0  

0 . 0 5 3  0 .022  
0 . 0 3 6  0 . 0 2 0  
0 . 0 4 4  0 . 0 4 4  

o .o42  
0 .002  

o . i 8 1  o . 1 8 7  o . 1 5 5  
0 . 2 2 0  o . 1 0 3  o.155 
o. iO 3 o .171  

O.Ol 9 0 . 0 2 5  
o .o2~  O.Ol 7 
0 . 0 0 7  0 . 0 2 0  
0 . 0 3 8  o .o41  
0 . 0 2 2  0 . 0 3 7  

O.Ol 4 O.Ol 7 
0 . 0 1 i  0 . 0 1 2  

0 . 0 4 7  0 . 0 2 0  
O.Ol 9 o . o 1 0  
0 . 0 1 2  0 . 0 2 0  
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The slow but continuous rate of asparagine enrichment, even in the pulsed 
series, indicates its formation at a region removed from the primary reactions. Its 
synthesis may occur by transamination and transamidation with glutamine. The 
labelling pattern in asparagine indicates it is a sink or end-point for nitrogen in nodule 
compounds. Presumably asparagine is then transported to the vascular tissue and 
flows to aerial portions of the plant. This amide is commonly found as the major 
amino acid component of the xylem stream in legumesG;. 

Nearly all the amino compounds recovered were enriched to some extent after 
8 min exposure. In most cases, the enrichments were too low to detect definite 
patterns. In serradella nodules, y-aminobutyric acid is second to asparagine in concen- 
tration, but the enrichment was low, increasing slightly in the 8 min following pulsing 
(Table I). This amino acid is therefore probably of tertiary origin in serradella nodules, 
and not a precursor for glutanfic acid as was indicated in studies with a4C-labelling 
on carrot tissues s. 

Thus the pathway of nitrogen from ammonia to glutamic acid and glutamine 
indicated for serradella nodules is similar to that shown in other organisms 9 11. There 
are no major differences in the sequence of formation of amino acids, except that, 
as in Candida utilis assimilating 15NH4+ (ref. II),  the primary position of glutamine 
has been emphasized. Glutamic acid is favoured as the primary amino acid synthesized 
from ammonia because of the large number of glutamate-based transaminations 
which occur 12. Enzymatic mechanisms for reductive synthesis of glutamic acid from 
c~-ketoglutarate and ammonia are widespread in plants and bacteria (discussed by 
McKEI~; la and MORTENSON14). Glutamate dehydrogenase has now been shown in 
extracts of bacteroids from lupin and serradella nodules ~6. Thus this enzyme (with 
glutamine synthetase) is the logical mechanism for ammonia incorporation. The route 
of ammonia incorporation is dependent, in addition, on an adequate supply of carbon 
skeletons. The occurrence of isocitrate dehydrogenase in bacteroids and in the soluble 
fraction of serradella nodules ~a, producing a-ketoglutarate, whilst also providing re- 
ducing power, may be significant. The subsequent transfer of amino-N from glutamic 
acid and glutamine could then be mediated by transanfinases, which are present at 
high activity in R. h@ini bacteroids la. 
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