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Abstract-Ammonia, the primary product of-nitrogen fixation 1s rapIdly mcorporated~ mto a number of ammo 
acids such as glutamate and aspartate A novel enzyme system glutamme 2-oxoglutarate ammotransferase 0x1- 
doreductase, which probably has an important role m ammoma assmulatlon has been detected, m the present 
studies, m the rhizobia~ii=actlon ofsoybean root nodules and-m Khzoiirunl]aporlrcum grown in cuiture The roie 
of this latter enzyme and other enzymes such as glutamate dehydrogenase, aspartate ammotransferase and 
aiamne ammotransfierase m ammoma assimilBtlon by soybean nodules is discussed- 

INTRODUCTION 

AMMONIA, the primary product of nitrogen fixation, causes repression of mtrogenase syn- 
thesis.lp3 Therefore, to mamtam a high rate of nitrogen fixation over extended periods of 
time, as in nodulated legumes,4 it 1s obvious that an efficient system must exist in legume 
nodules for the assimilation of ammonia. 

Detached serradella (Ornithopus sat~us) nodules very rapidly incorporate newly-fixed 
nitrogen into glutamlc acid, glutamme, aspartic acid, asparagine and alanine.” However, 
the metabolic pathways mvolved m the synthesis of these amino acids m nodules and the 
relative roles of the plant and bacterial components of the nodule in these syntheses have 
not been elucidated. It has been concluded6 that the mltlal reaction m ammonia asslmila- 
tlon 1s catalysed by glutamate dehydrogenase (GDH), although Kennedy’ has calculated 
that the activity of this enzyme m serradella nodules was not sufficient to account for the 
observed rate of ammonia assimilation. Furthermore, others have been unable to detect 

any GDH activity m nitrogen-fixing B~ziiz’ or m CSostrzd‘zunz pasteurzanum.” Recentiy 

however, a novel enzyme system has been demonstrated m several nitrogen-fixmg bacteria 

Ahhreuatmns glutamate dehydrogenase (GDH), aspartate ammotransferase (.4AT), alamne ammotransferase 
(GPT), glutamme 2-oxoglutarate ammotransferase oxldo-reductase (GOGAT), pryrldoxal-5’-phosphate (PLP) 
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and m Rhlzohlum;9-” the enzyme. termed glutamine (amide) 2-oxoglutaratc ammotrans- 

ferase oxido-reductase (GOGAT) (or glutamate synthase) catalyses the u-reverslblc rcac- 

tion 

Glutamme + 2-oxoglutarate + NAD(P)H * ----, 2 (glutamate) + NAD( P) ’ 

In conjunction with glutamine synthase, this GOGAT enzyme system ~111 produce gluta- 
mate from 2-oxoglutarate and ammonia I e. the same reactants and products mvolvcd m 
the GDH reaction. 

In the present paper the specific activltles and relative dlstrlbutmn of the enzymes GDH. 

GOGAT, aspartate ammotransfcrase (AAT) and alanmc alnlnotrai~sfci~asc (GPT) In 

the cytosol, rhlzoblal and mitochondrlal fractions of soybean root nodules are examined 
and possible roles are asslgned to each enzyme m the asslmtlatu>n oC ammoma by root 

nodules. 

R E S II 1. I- S 

Enzyme levels m nodule fiuctions 

The specific activities and rclatlve distribution of the enzymes GDH, GOGAT. AAI‘ and 
GPT m the cytosol, rhlzoblal and mltochondrlal fractions of soybean root nodules are 
given in Table 1. Details of the fractionation procedure and enzyme assays arc given in 

the Experimental secrlon The degree of cross-contammatlon between fractions. ns dctel- 
mmed by starch gel zymograms speclficatty stamed for Ah7 and GPT rsocnrnws” was 

negligible. Previous studiesI have shown that specific Isoenzymes of 4A r and GPT are 
present m cytosol and rhl7obial fractions of soybean nodules and scrvc as useful markers 
for these fractions 

AAT and GOGAT were almost entirely confined to the nodule rh17obia. while GPT 
and GDH were almost exclustvely located m the cytosol fractmu No slgmlicant amounts 
of any of the four enzymes were associated with the mltochondrlal fraction 

Enzyme leccls in Rhlzobium Japomcum ~JOM II IM f~c c~l/tur.r 

Rhlzobia grown in free culture are not capable of fixmg nitrogen but ~‘111 assmillate 
ammoma from the growth medium.14 These fret-grown bacteria may thus serve as ~1 useful 
substitute for nodule rhizobla m ammonia asslmllatlon studies In the present experiment, 
Rhzzobmm ppon~~~ (strain 392) Ras grown m a defined medium with 14 mM NH,Cl + 
2.5 mM 2-oxoglutarate as nitrogen source.’ 4 The specific activities of the cnrymes GDH. 

GOGAT, AAT and GPT from these bacteria and from rhllohla Isolated from soybean 
root nodules are compared m Table 2. The total protem m both extracts was srmllar but 
all four enzymes were present III hrgher concentratron III the fret grr!u II buctcr:a This 15 
probably attributable to the mductlon of these enzymes by ammonium chloride and 2- 
oxoglutarate m free grown bacteria I4 

An interesting feature of these experiments was the afkct of PLP on the actlvltl of AAT 
from Rhizohium ppomcum grown m free culture, whcrc over SW I, ~tmnilatLon of ctqmc 
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activity was obtained on addition of co-enzyme to the assay mixture (Table 2). No stimu- 
lation of AAT activity was obtained on addition of excess PLP to the nodule rhizoblal 
fraction (Table 2) or to the nodule cytosol fraction (Table 1). This stimulation, in the case 
of rhizobla grown in free culture, 1s explained by the fact that over 50% of the AAT is 
present as the apo form.17 

TABLE 1 SPECIFIC ACTIVITY AND RELATIVE DISTRIBUTION OF AAT, GPT, GDH AND GOGAT IN THE CYTOSQL, 
RHIZOBIAL AND MITOCHONDRIAI FRACTIONSOFSOYBEAN ROOTNODULES 

Nodule fraction* AAT 
Enzyme? 

GPT GDH GOGAT 

Cytosol 
Specific actlvlty 
7; of Total 

Rluzoblal 
Specific activity 
“/: of Total 

Mltochondrial 
Specific actlvlty 
“/, of Total 

0 005 0 007 0+07 0001 
11 81 97 4 

021 0 007 0013 0 13 
87 15 3 96 

0001 0 002 0000 OQOO 
2 4 0 0 

* Detdlls of fractionation procedure and enzyme assays are given m Experimental sectIon 
t Specific actlvlty Imoles substrate mm/mg protein y0 of Total activity. calculated with respect to total pro- 

tem m each fraction 

It has previously been shown 15-17 that the physico-chemical properties of AAT from 
Rh~zobium~aponzcurn were identical with those of the same strain of rhizobla isolated from 
root nodules, whereas AAT from the nodule cytosol was different. The coenzyme PLP was 
very loosely bound to the rhlzobial enzyme but was tightly bound to nodule cytosal AAT. 
It may be that rhizobla grown under conditions where AAT synthesis 1s induced are not 
capable of syntheslzmg sufficient PLP to activate all the newly formed apo enzyme, 
whereas in the root nodule the plant tissue supplies coenzyme, thus makmg the full poten- 
tial activity of rhlzoblal AAT available 

TABLE 2 SPECIFIC ACTIVITY OF AAT, GPT, GDH AND GOGAT IN THE RHIZOBIAL FRACTION OF SOYBEAN ROOT 

NODULES IN Rh~zobrumJapomcum GROWN IN DEFINED MEDIUM 

Prepdratlon 
tram* AAT 

Specific actlvityt 

GPT GDH GOGAT 

Nodule rhizobla 021(021) 0 007 (0 003) 0017 013 
RhlzohwnJapomcum 0 77 (0 30) 0 033 (0 030) 009 0 27 

* ExperImental details are given m the text Specific activity IS expressed as pmoles substrate xmqimg protein. 
t Bracketed values represent the enzyme actlvlty obtamed when PLP was onutted from the assay system The 

actlvlhtes of GDH and GOGAT were not affected by PLP 

I5 RYAN E BODLEY, F and FOTTRELL, P F (1971) Plant and Sod (Special Vol) Proc Techmcal Meetmgs on 
B~olok~~l Nitrogen Flxatlon of the International BIological Programme, Prague and Wagemngen, Lie, T. A 
and Mulder, E G , eds, p 545 
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I’ RYAN, E and FOTTRELL, P F (1972) FEES Hefters 23, 73 



DISCUSSlOW 

The present studies have shown that the enzyme GOGAT uas found almost exclusively 
m the rhlzoblal component of soybean nodules and that the specific actlwty of rhlzoblal 
GOGAT was ten times higher than GDH 

Jordan’ ’ found high glutamme $4 nthctase actlvltj 111 both rhlzoblal and cytosol fractions 

of soybean root nodules. It 1s therefore proposed that the glutammc synthctase-GOGAT 
couple catalyses the first step of ammonia asslmllatlon m soybean rhlzobla Glutamate 
productlon 1s dependent on the supply of ammoma, ATP. 2-oxoglutarate and NADH + 
and this glutamate in turn serves as substrate for AAT and GPT. yleldmp aspartatc and 
alanme respcctlkely The kinetic constants of rhlzoblal AAT are cowlstent with this 
enzyme operating m the dlrcction of aspartate formatloll ” A proposed path\\ay for 
ammonia assumlatlon (Scheme 1) requires a constant supply of 2-oxoglutarate, oxaloace- 
tate and pyruvate and the rclati\e amounts of the nitrogenous products synthesized ~11 
be determined by the supply of these keto acids Since glutamlc ac~i and glutamme are, 
m fact. the principal products formed,” ? _-oxoglutarate 1s probably the prmclpal keto acid 
substrate avallablc for amlnatron. Keele vt ul’ ,“’ kace sho\+n that m Kl~rrohw~~ ~c~po~~~urr~, 
glucose was converted to pyruvate solely by the Entner~~Doudoroff pLlthwaq ” and that 
these bacteria also contained an active TCA cycle The 2-oxoglutarate required for amma- 
tlon IS presumably diverted from the TCA cycle, and the cycle IS replemshed by oxaloace- 
tate formed from pyruvato hq the enryme pyruvate carboxyL\se ” 

(a) (b) 

Glutomlne 

A lonine 
Oxoloacetote 

It IS of note that one molecule of ATP IS required per molecule of ammonia awmllated 
In this connection. Mmchm and Pate’” calculated that 62”. of the carbohydrate translo- 
cated from the photosqntheslzlng shoot to the nodulated roots of ~‘ISZU~I wflrw~t was lost 



Localization of enzymes of ammonia assrmilation 2651 

m respiration while 23% was returned back to the shoot in the form of nitrogenous com- 
pounds. The remaining 15% was consumed in growth (dry matter accumulated) of the 
roots and nodules. 

It is also possible that some NH, is secreted from the nodule rhizobia mto the nodule 
cytosol and is assimilated by enzymes originating from the legume. In this case GDH may 
catalyse glutamate formation, which could then serve as substrate for cytosol AAT and 
GPT. The relative quantity of glutamate metabolized by these transaminases IS not known 
but since the cytosol fraction contains 81% of the total GPT activity of the nodule but 
only 11% of the total AAT activity, it is probable that the more favoured pathway is m 
the direction of alanme formation. Note, that the transammation reaction will regenerate 
2-oxoglutarate and thus, assuming that the main flux through the pathway is m the direc- 
tion of alanine formation, stoichiometric quantities of pyruvate only are required. In pos- 
tulatmg separate sites of ammonia assimilation within the nodule, it may be noted that 
the “N labelling experiments of Kennedy5 determined only the sum of assimilation by 
both rhizobial and legume components since no attempt was made to fractionate the 
nodules prior to extraction of the labelled nitrogenous compounds. 

The physiological sigmficance of loosely bound pyridoxal coenzyme to rhizobial AATi6 
is not known at present. An interesting possibility might be that free PLP is directly 
ammated by rhizobial nitrogenase to form PMP which would then serve as an mterme- 
diate carrier of ammonia to the apotransammase. This could explain the observation made 
by Kennedy’ “that (free) ammonia is not the only vehicle of nitrogen flow (from nitro- 
genase) to amino acids and other organic compounds” While such coenzyme transfer 
between mtrogenase and AAT has not been demonstrated, there is very good evidence for 
transfer of PLP between rat liver cystathionase and pig heart AAT. 

EXPERIMENTAL 

Plants Soybeans (Glyczne max var Vent, seeds obtained from U S Department of Agrrculture, Beltsvtlle Md ) 
were grown m nitrogen free medium and mocufated as descrrbed prevtouslyi5 wtth Kimobwn ~aporucum stram 
392 

Nodulefiactronatton Nodules were removed after 6 weeks growth, crushed and extracted wrth 0 5 vols of 0 4 M 
sucrose m 50 mM Trrs-4 cl buffer pH 7 5 The bret was filtered through cheesecloth and centnfuged at 34000 y 
for 20 mm The supernatant was the cytosol fraction The residue was washed several times wrth buffered sucrose 
and fractionated by drtFerenba[ centrttugatron to grve rhtzobtaI(lOOOtJ y for 15mm) and mrtochondrtai (JITOW q 
for 15 mm) fracttons The enttre fracttonatton procedure was performed at 4 

Bacteru Kh~~ob~um~aponxwn and rhtzobra Isolated from soybean root nodules were disrupted by vtolent agt- 
tatton with Ballatom beads m a Braun (Melsungen, Germany) drsmtegrator The followmg components were 
mrxed to a thick paste and cooled to 2” before dtsmtegratron 10 g (wet wt ) bacterra + 40 g Ballatom beads (0 17- 
0 18 mm) + 10 ml 50 mM Trrs-HCI pH 7 5 The disintegrator was operated for 40 set during whtch trme the 
temperature wrthm the extractron vessel was mamtamed below lo” wnh sohd CO, Cell debris and glass beads 
were removed by centrrfugatron at 34000 9 for 30 mm 

Enzyme assays Aspartate ammotransferase was assayed by the method of Bergmeyer and Bern? m which 
the product oxaloacetate was converted to malate by malate dehydrogenase and the concomitant oxidation of 
NADH was momtored at 340 nm Glutamate pyruvate transammase was assayed by a srmtlar method m whrch 
the product pyruvate was converted to lactate by lactate dehydrogenase Glutamate dehydrogenase and gluta- 
mate synthase were assayed as outlmed by Meers et al 9 The final concentratron of each component (m a total 
volume of 3 0 ml) was as follows 5 mM 2-oxoglutarate, 0 1 mM NADH *, 50 mM Tr~s-HCI pH 7 5, diluted 

24 CHURCHICH, J E (1970) Broch~m Btophys Kes Commun 40, 1374 
25 FOTTRELL, P F (1966) Nature 210, 198 
26 BERGMEYER and BaaN-r( 1963) m MethodsofEnzymatuz Analysu (BERGMEYER, H U , ed ) p 837 Academrc Press, 

London 



2652 E RYAN and P F FOTTREIL 

enzyme extract, 40 mM NH,Cl (glutamate dehydrogenase assay). or 5 mM glutamme (glut‘imate synthase assay) 
Protein was estimated by a modified Bun-et method ” 
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