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OBJETIVO 

Una de las principales fuentes de ntirógeno para las 

plantas, especialmente las leguminosas, es el amonio 

formado en la simbiosis con bacterias del género 

Rhizobium, las cuales son capaces de fijar ni trógeno. 

Durante la simbiosis, el N2 es reducido hasta NH 4 por 

la bacteria y excretado al citoplasma de la célula ve

getal, donde es asimilado por la vta glutamino sinte

tasa (GS) - glutamato sintasa (GOGAT). Los productos 

de ésta vra (glutamina y ácido glutámico) proporcio

nan, a través de reacciones de transaminación y trans

amidación, el nitrógeno para la sintesis de los compue~ 

tos nitrogenados de la célu l a. Durante la simbiosis 

entre Phaseolus vulgaris y Rhizobium phaseol i, el ni 

trógeno de éstos aminoácidos e s derivado a la sintes i s 

de purinas los cuales son ·posteriormente metabo li zados 

hasta ácido alantóico y alantoina, que son los princ i 

pales transportadores de nitrógeno en el fri j o l nodula

do. 

El objetivo de éste proyecto es conocer las caracteris

ticas estructurales y regulatorias de las enzimas res

ponsables de la as i milación de amonio, asr como estudiar 

y definir los factores que participan en la regulación 

del metabolismo nitrogenado durante el establecimiento 

y desarrollo de la simbiosis entre Phaseolus vulgaris 

y Rhizobium phaseol i . 



INTRODUCCION 

1. FUENTES DE NITROGENO PARA LAS PLANTAS 

Las dos . fuentes de nitrógeno más importantes para las plantas, 

son el nitrato y el nitrógeno atmosférico. La primera (nitr~ 

tos), se deriva de la oxidación del amonio (nitrificación), 

por bacterias nitrificantes como nitrosómonas y nitrobacte

rias presentes en casi todos los tipos de suelos. El amonio 

oxidado por éste tipo de bacterias procede de la descomposi

ción de la materia orgánica (amonificación), ó en áreas de 

alto desarrollo agrfcola, de los fertilizantes empleados. 

La otra fuente de nitrógeno, es el nitrógeno atmosférico el 

cual requiere ser reducido a amonio para ser utilizado por 

las plantas. 

La reducción del nitrógeno atmosférico se lleva a cabo por 

bacterias fijadoras de nitrógeno, las cuales pueden divi

dirse en dos grupos : 

1) las que fijan nitrógeno en vida libre, 

2) las que lo fijan en simbiosis con la planta. 

En el primer plano existen microorganismos capaces de desa

rrollar asociaciones con plantas que pudieran ser importan

tes, tales como la alga verde-azul anabaena, con el lirio 

acuático azolla; y las asociaciones de pastos tropicales 
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y subtropicales, como Paspalum notatum y Digitaria 

decumbens, con Az obacter y Azospirillum, respectiva

mente ( 1 ) • 

El segundo grupo y más importante, lo forman las bacterias 

del género Rhizobium que son microorganismos aeróbicos , 

gram negativos, capaces de establecer una simbiosis con 

plantas de la familia leguminosae y, particularmente, con 

la subfamilia de las papilinoidaceas la cual incluye las 

leguminosas más comunes para el hombre. 

Este género Rhizobium está subdividido en siete grupos por 

su especificidad para nodular al huésped: 

Bacteria Huésped ( Ej . ) 

R. meliloti alfalfa 

R. trifolii trébol 

R. leguminosarum ch!charo 

R. phaseoli frijol 

R. lupini lupin 

R. japonicum soya 

Cowpea rhizobia cacahuate 
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2. SIMBIOSIS Rhizobium-leguminosas 

Como se mencionó previamente, una de las fuentes de nitró 

geno mAs importantes para las plantas es el nitrógeno at

mosférico, el cual es fijado en tejidos especializados 

denominados nódulos, los cuales se forman en la raiz, como 

resultado de la infección por bacterias del género Rhizobium. 

La infección de la raiz se inicia generalmente, en un pelo 

radicular donde se lleva a cabo el reconocimiento bacteria

huésped, y continúa por un hilo de infección a través de 

las células de la corteza hasta la zona de células meriste

mAticas donde son liberadas las bacterias envueltas en la 

membrana de la punta del hilo de infección (2). Estas mem

branas son de origen vegetal y forman las membranas peri

bacteroidales (3). 

Una vez que las bacterias se han liberado dentro de la célula 

vegetal, se dividen hasta llenar prActicamente todo el cito

plasma en ésta etapa, las bacterias transformadas en bacte

roides inician la fijación del nitrógeno atmosférico a travé s 

de expresar la nitrogenasa (4). El amonio formado por el 

bacteroide es excretado al citoplasma de la célula vegetal 

donde es asimilado por la planta. 

Paralelo al aumento de la actividad de la nitrogenasa en 

el bacteroide, se presenta un incremento en la sintesis 
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de la leghemoglobina y en la actividad de las enzimas res

ponsables de asimilar el amonio (5) y de sintetizar los 

compuestos que finalmente transportarán el nitrógeno a los 

demás tejidos de la planta (5,6). 

3. VIAS DE ASIMILACION DE AMONIO 

Dos vlas de asimilación de amonio han sido descritas en 

plantas; la primera implica la incorporación de amonio 

en el grupo amido de la glutamina por la enzima glutamino 

sintetasa (GS), y la transferencia de este grupo a un ce

toácido (a-cetoglutarato) por la glutamato sintasa (GOGAT ), 

para la formación de dos moléculas de ácido glutámico (Fig. 1) . 

La segunda vfa implica la aminación de a-cetoglutarato por 

la enzima glutamato deshidrogenasa (GDH), para la formación 

de una molécula de ácido g1utám i co (Fig. 1 ). 

Por mucho tiempo , y debido a la gran distribución de l a 

GDH en la naturaleza , se pensó que la Onica forma de in

corporar amonio en grupos a-amino, era a través de ésta 

enzima. Sin embargo, a partir de los trabajos de Tempest y 

col., (7) donde se describe la actividad de GOGAT en bacte

rias. Dougall (8), Lea y Miflin (9) describen la actividad 

de GOGAT en tejidos vegetales, y plantean la existencia de 

dos vfas de asimilación de amonio en plantas. 
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ATP AOPtPI 

NH4 ~©¿ 
+ / Me 2 ++ • Glutamlna 

2 Glutamlco 

a- cetaolutarato 

© 
Fe-ox Fe-red 
NAO NAOH 

b):- a-cetoglutarato 

N:4 ~©'\' Glutamico 

NACPH NADP 

Figura 1 :- Vlas de asimilación de amonio en plantas 
1-GS, 2-GOGAT, 3-G OH. 



Los estudios realizados en leguminosas muestran que durante 

el desarrollo del nódulo ocurre una inducción de las acti

vidades tanto de GS (10,11) como de GOGAT (12,5), asi como 

una baja actividad de GDH, cuya afinidad por amonio es entre 

50 y 100 veces menor que la afinidad de GS por el mismo subs 

trato (8,13). 

Por otro lado, los estudios con 13 N y15 N en nódulos de soya 

(14,15) asi como los estudios con inhibidores especfficos 

de la actividad de la GS y de la GOGAT (15), muestran que 

la cinética de marca entre glutamina y glutamico guardan 

una relación precursor-producto. 

Todos estos resultados sugieren fuertemente que la vfa de 

asimilación de amonio en plantas es a través de las enzimas 

GS y GOGAT, lo cual coloca a la glutamino sintetasa como 

la enzima responsable de asimilar el amonio y a la glutami

na, como el principal donador de nitrógeno en la célula. 

4. SINTESIS DE GLUTAMINA 

a) Caracterlsticas de la glutamino sintetasa . 

Los estudios realizados sobre la glutamino sintetasa en 

diferentes tejidos de la planta, muestran varias isoformas 

de ésta enzima, las cuales pueden ser separadas por croma

tograffa de intercambio iónico (16,17,18). 
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En tejidos verdes (tallo y hoja) se han encontrado dos 

formas de GS denominadas GS-1 y GS-2. La primera ha 

sido localizada en el citoplasma, mientras que la segunda, 

es una forma que se encuentra en el cloroplasto (17). Los 

estudios inmunológicos utilizando suero anti GS-2 indican 

diferencias antigénicas entre ambas formas (19). 

Dado el papel primordial de la GS en la reasimilación del 

amonio ·procedente de la fotorespiración en hojas de plan

tas tipo C-3 (20), se pretendió establecer cuAl de las dos 

formas enzimAticas (GS-1 ó GS-2) era la responsable de ésta 

reasimilación, a través de un estudio comparativo de la GS 

en hojas de diversas plantas. A partir de éste estudio se 

establecieron cuatro grupos de plantas basados en la dife

rente proporción de las formas de GS que presentan (20). 

Grupo 

Grupo 2 

Grupo 3 

Grupo 4 

sólo presentan GS-1 

mayor proporción de GS-1 

mayor proporción de GS-2 

sólo presentan GS-2 

Sin embargo, este estudio no mostró ninguna relación entre 

la forma de GS existente y la actividad fotorespiratoria 

de la planta. Cabe señalar que la presencia de luz y el 

estado de desarrollo de la hoja modifican la proporción 

entre GS-1 y GS-2, por lo que dicha clasificación debe ser 

considerada con cautela. 
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En ratees solo se ha encontrado una forma de GS, la cual 

en columnas de hidroxilapatita se comporta de manera di

ferente a las dos formas de GS en hoja, no asf en croma

tograffa por DEAE celulosa, donde su perfil de elución es 

similar a la GS-1 citoplAsmica (21). 

Neurospora crassa es uno de los organismos eucarióticos 

donde mayor conocimiento se tiene de las caracterrsticas 

de GS. En este hongo la GS se encuentra en una forma 

tetramérica cuando la fuente de nitrógeno es limitada y 

en una forma octamérica cuando en el medio el nitrógeno 

estA en altas concentraciones (22,23). 

El anAlisis polipeptfdico de éstas dos formas oligoméricas 

en éste hongo mostró que el tetrAmero se compóne principal 

mente de un polipéptido denominado a y el octAmero de uno 

denominado B siendo éste último polipéptido de mayor peso 

molecular (23). 

Por otro lado, se ha demostrado que en condiciones de li

mitación de nitrógeno la actividad de GOGAT se encuentra 

elevada, mientras que la de GDH estA reprimida (24,25), 

siendo el fenómeno inverso en altas concentraciones de 

amonio. Estos datos sugieren que la asimilación de nitró

geno en Neurospora es a través de la forma tetramérica de 

GS (a) y la GOGAT en condiciones de limitación de nitrógeno , 
mientras que en exceso de nitrógeno la vfa de asimilación 
es GDH-GS octamérica (B) (25). 
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5. SINTESIS DE TRANSPORTADORES DE NITROGENO 

En las plantas, el amonio incorporado en glutamina y ácido 

glutámico por la vfa GS-GOGAT, es distribuido por reaccio

nes de transamidación y transaminación a otros compuestos, 

los cuales son los responsables de transportar el nitrógeno 

a las diferentes partes de la planta. 

Los principales transportadores de nitrógeno son de dos 

tipos: a) amidas: asparagina y glutamina, b) ureidos: 

Acido alantoico y alantoina . 

La sfntesis de asparagina en plantas es el resultado de la 

incorporación del nitrógeno del ácido glu t ámico en Acido 

oxalacético para formar aspártico y la incorporación del 

grupo amido de glutamina en el ác ido aspártico para formar 

asparagina (26). 

Por otro lado, la sfntesis de ureidos en plantas resulta 

de la incorporación del grupo am i no de g lut ámico y el 

amido de la glutamina en el anillo de purinas, las cuales 

son posteriormente metabolizadas hast a ác i do alantóico y 

alantoina (27,28). 

En particular, en las leguminosas los pr incipales transpor

tadores de nitrógeno son asparagina y glutamina , tanto s i 

el nitrógeno proviene del medio externo ó de la simbiosis 
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con Rhizobium. Sin embargo, en plantas como soya y frijol , 

cuando han sido infectadas con Rhizobium y desarrollan una 

simbiosis efectiva, los principales transportadores de ni 

trógeno son los ureidos. Los estudios en éstas leguminosas 

durante la simbiosis, muestran un incremento paralelo entre 

la actividad de nitrogenasa y la actividad de las enzimas 

responsables de la sfntesis de purinas y ureidos, mientras 

que la sfntesis de asparagina se reduce hasta en un 80 % 

(29). 

Estos cambios en el manejo del nitrógeno durante la simbiosis 

tanto en la soya como en el frijol , tienen una estrecha corre

lación con las caractertsticas de las células que componen el 

tejido nodular. Por un lado, las células infectadas del nódulo 

además de contener los bacteroides presentan un gran número 

de proplástidos, mientras que las células no infectadas , se 

caracterizan por un mayor número y tamaño de los peroxisoma s 

y abundancia de retfculo endoplásmico (29). 

Recientemente se ha descrito que las enzima s de la vra de 

biosfntesis de purinas se localizan en los proplástidos de 

las células infectadas ; mientras que en las células no in

fectadas la uricasa, que promueve la sfntesis de alantoina 

a partir del ácido úrico , se encuentra en los peroxisomas y 

la alantoinasa que cataliza la sfntesis de ácido alan t ói co, 

a partir de a ~ an t oina está en el retfculo endoplásmi co (3 0). 
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Purification and properties of two forms 
of glutamine synthetase from the plant fraction 
of Phaseolus root nodules 

Julic V. Cullimorc, M. Lara•, P.J. Lea and B.J . Miílin 
}liochcmís1ry J)~partmcnt, Rothamstcd Experimental Stalion, Harpcndcñ, 1-krts. ALS 2JQ. UK 

Ahstract. Two forms of glutamine synthetase (GS) 
havc bccn purified lo apparent homogencity from 
thc plan! fraction of Phaseolus rn/g·oris root nod
ulcs. Onc of thcsc forms appcars identical to the 
form of the cnzymc found in roots but the other 
is probably specifically associated with tbc nodulc. 
r n:c-hving Rhi:obium phaseo/i also contain two 
forms of GS both of which havc diffcrcnt molecu
lar wcights from thc plant cnzymes. Bactcroids 
contain solely the higher-molccular-weight form óf 
rhizobial GS. Thcrc are only minor diffcrcnces be
tween the plan! cnzymes in K,. or S0 _, valucs for 
tbe synthctase-n;¡clion substrates and both forms 
havc identical molecular weights of thc holoen
zyme (380.000 daltons) and its sub-units (41 ,000 
daltons). They can be separated by ion-cxchangc 
cliromatography on diethylaminoethyl-Sephacel 
and by native polyacrylamidc-gel clectrophoresis. 
The only other distinguishing featurc obscrved is 
1ha1 the ratio of transferase :synthetasc acti\~ty of 
the root form is threcfold grcater than that of"the 
nodule-specific GS. 

Key ,.·ords: Glutamine synthctasc- Legumc-Rhizo
hium symbiosis - Nitro gen assimilation - Phaseolus 
{glutamine synthctase)- Rhizobium - Root nodule. 

lntroduction 

Labelling studics u~ing "N and 13N have shown 
. ~:.~; ornuiOnia produccd by dinitrogcn fixat ion in 
the bactcroids is cxcrcled into the plant fraction 
of thc nodules and assimilated therc by the gluta
ma tc-synthase cycle i.e. thc combined action of GS 
(EC 6.3.J .2) and glutamate synthase (EC l.4. l.14, 

• Pr~gnr addrrs.t: Centre de lnvestipcion Sobre Fijacion de 
Nitroicno. UNAM, Apanado Postal 565·A, Cucrna,·aca, 
Morclos, Mcxico 

.Ahflreriurion.r : DEAE·Scphac:cl =dicthylaminoethyl-:scphaccl; 
GS""" glutaminc ~ynthct.asc 

EC l.4 .7.l) (for a review sce Robcrtson and 
Farnden 1980). Thc amount of GS activity found 
in bactcroids is considcrcd too low to pcrfonn this 
functi nn as it rcprescnts only about 2% ofthc total 
GS activity of the nodule (Dunn and Klucas 1973; 
Brown and Dilworth 1975; Planqué et al. 1977; 
Strecter l 979; Cullimore et al. l 982). Furthennore, 
although free-living rhizobia posscss two fonns of 
GS with diITcring molecular weights and propcrtics 
(Darrow and Knotts 1977 ; Fuchs and Kcister 
'1980a). undcr nitrogcn-fixing conditions, only the 
high-molecular-wcight form is present (Rao et al . 
1978). In contras!, the syn:h:i;:~ activity of thc 
plant GS in the nodule was found to be approxi
mately 14-fold higher than in the root (Robertson 
et al. 1975; Cullimore et al. 1982), the large in
crease in activity occurring coincidently with thc 
appearance of nitrogenase and leghaemoglobin 
(Robertson et al. l 975). 

Glutamine synthetasc has bcen purified from 
the plant fraction of soybcan nodules (McParland 
et al. 1976) and shown to have a molecular weight 
of 376,000 daltons and properties similar to the 
enzyme of many higher plants (see Stcwart et al. 
l 980). Recently, however, it has been established 
that the plant portian of Phaseo/us root nodules, 
like rhizobia and many other higher plant tissues 
(Stasiewicz and Dunham 1979; Mann et al. 1979 ; 
Guiz et al. 1979 ; Hirel and Gadal 1980), contain 
mult iple forms of GS (Cullimore et ~l. 1982). In 
this paper thc properties and purilication of two 
forms of the cnzyme from Phaseolus root nodules 
are descri bed. 

Materials and methods 

Che.micals 

Scphadcx G-25. dietbylaminoethyl (DEAE)-Sc¡¡hacel, Scpbac
ryl S-300. Ph<nyl-Scpharosc, protaminc sulpba tc, E. co/i JJ-g•· 
lactosidasc. ho'-inc liVCT cat.alase. ycast alcohol dchydrogcnase 
and horse hcan myoilobin wcrc all obtail)ed from Sigma 

¡ 
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Chcmicatl Company. l'c >0lc. DoBCt. UK . Polyd:11 AT -...·as ob
iaincd from BDH (Poolc, Dorsct. llK) and h~ dro:m:yapalltc 

írom Bio-rod Lahoroloric. (Richmond, C•I. . IJ~ .~) . Ali chcmi· 
co.la wcrc oí the hi~hc~t anaJytical 1radc a\•aili1hlc. 

Crn•1h llnll prrporatfon o/ c~/l-frtt rxtrarts tl/ Hl11: ohium 

Free-living Rhi:ohium (Rhi:nhiwm pha.fro/i R~lt.~:!J " ·ere grown 
in yc:tsl c1tract·mannitol mcdium as dcscrihcd hy Oye (1979). 
The cclls wcrc collcctcd by ccntriÍuf:..tion. \.l:a,hcd in buffer 
and storcd 11 -20· C. Bactcroicb wcrc isohucd frC'lm thc pc11ct 
obtaincd from ccntrifu~ation of thc noduk cxlr.1 c-t (Sct hcfow) 
•nd cxtracted as dcscribcd for free-living rh in1hia. Extr.tcls 
wcrc prcparcd using an LK B X-prcss (LKB. U1n1n:na, Swcdcn). 
Thc brokcn cclls wcrc rcsuspcnded in S m1of1 0 mM imidazolc
HCI burrcr, pH 7.6. conl•ining 20 mM M~SO, and thc brci 
-. .. s ccntrifu¡ed a1 20,llOO t for 30 min. Thc rl·:-!1hin(! supcma-
1an1 was dcultcd on a small column of Scph<.td\.· , G-2S. 

Gwwth llfld pr~pora1iu11 o/ ctll-fru tXITOC'ts of f',',,Jw•ofw 

Plta.t:,.nlv..t wliartt L. var. Bush Bluc Lakc :?74 \\;15 inocula1cd 
\l'ilh Rhizobiwm phas"oli R36ll and rrown u: it.lcr 18 h li¡!hl 
112· C)- 6 h dark (16 C) cyclcs. Natur.J da¡Ji~h l was suppic
nxn1cd whcn neccssary with 400-W SonT l;imJlS (Campkx, 
c.,,mbridgc. UK) to maintain a ligh1 imcnsi1 ~ at pot lcvcl of 
200 µmol m- J ,- • . Thc pl.ílnts wcrc watcrcd wi th nutricnt solu
tion lacking a nitrorcn .aurcc (Eaglcsham et al. 1977). Nodulcs 
wcre harVestcd aftcr 5 wccks growth and lca,·c?- aftcr 3 wccks. 
Roots (2 wceks old) wcrc obtained from non-in (.lCulatcd plants. 

Extracts of appro:w; . JO g offrozen plant m<.1tcrii11l wcre madc 
~) 1rinding thc tissut with 20•1. (w/v) polyclar A T in 11 monar 
-.ind ~st'fc tOl!;Clhcr with 1 O mi running bufTc; ~: :; ... :.: ::? ;. • .-. ~ :: o -

2(hydroxymelhyl)-1.3-propandiol (Tris)-CI burrcr. pH 7.8, con
t•ining S mM Na-rlutamatc, 10 mM MgSO,, 10"/o glyccrol). 
The bn::i was fihercd through four layen of muslin and ccntri
ru~ al 20,000 g for 20 min. Thc supernatant was desahcd 
on • small Scphadcx G-25 column. 

Chroma,~ography on DEAE-Stpllau/ 

Thc dcsaitcd cxtract (3 mi) was applied to a cnlumn (8 cm long. 
J cm diametcr) of DEAE-Sephacd equilibrati:d in runn ing 
buffer. Thc proteins wcrc cluted at 0.4 mi min - 1 • ·ith 20 ml 
buíl"er followcd by ISO ml oía CHl.6 M KCJ ~radicnt in buíl"cr. 
Fractions or approx. 2 mi WCJ"C collectcd :md ;t!'Saycd for GS 
acthity. 

S1KTO.St-dmsity-iradient ctntrif"'lation 

A desaÚed cxtract (1 mi) containing markcr protcins (ft-galacto
sidasc, EC 3.2.J .23. from EscheriC'l1ia 1·0/i; ca talase, 
EC 1.11 .1.6. from bovine li~r ; alcohol dchydro~cnose, 
EC 1.1 .1.1. from ycast; myoglobin from hor<e hcart) was 
a¡:-1: ~~ lO a 38-mJ, linear, 5-2091. (w/v) sucrosc ~radicnt made 
up in 10 mM Tris-CJ, pH 7.8, conlllinini S mM Na-glutamatc 
and 10 mM MrSO,. Ccntriíuption ,. . ., perfonncd •t 27.000 g 
on a Bcckman.L2-6SB uhraccntrifuic (rotor S\\"27) (Bcckman, 
Polo Alto, Cal., USA) for 24 h al 3· C. Thc gradicnts wcrc 
íractionatcd into 1.2-ml aliquots and GS acti\ i1y and marker 
prolcins dctcnnincd. · 

Dt ttrminorion o/ Stokts ' radü, mo/Ú11lar 1reighr 
at1d frictional ratio 

Stokes' radii MTC dc1ennincd on a Scphacf} 1 S-300 column 
uctly as dcscribcd by Cullimore et al. (19~2 ) . Molecular 
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wcighl ' and frM:t ional ratios oí GS wcrc aalculatcd from thcir 
Stokcs" radii amd SJu.w va1lues by lhc cqualions of Siegcl and 
Monty (1966). 

PurifiC'ation o/ GS 

p,.puration nf txtru<I. Nodulcs (100 g) from 4-wc:ek-old planls 
wcrc cxtractcd in a m(\rtar and pcstle with 20 g polyclar A T 
and 150 mi or 2S mM Tris-CJ buíl"er, pH 7.8, containing 1 mM 
dithiothrcitol. The brci was íihcrcd through four Jaycrs or 
musl in and ccntrifurcd at 20.000 i for 40 min. AJI proocdures 
• •ere carricd out a1 4 C. 

ProtomiM---sulpltott• frattiona1ion . A frcsh1y prcparcd 291. aque
ous SO)Ution (S mi} OÍ protaminc SUJphatC WMS addcd dropwise 
to the cxlracl a1nd thc prccipilate was removed by ccntrifu¡a~ 
tion. 

Ammtmi11m-.t:11/phutl' fractionation . Tbe prccipilate obtaincd 
from a 3S-Ss•1.-u1ura1cd (NH,.hSO,. solution was takcn and 
diuolved wilh 3 mi running buffer. 

s,:phucry f S-300 chrumatorraph:r. Thc C:ltrlct (5 mi) was applicd 
to a column (SS cm long, 1.6 cm d iameter) of Scphacryl S-300 
prc-cquilibp1lcd in running buffer and lhc protcins wcrc clutcd 
at 0 .38 mi min • •. Fractions of •pprox. 2.2 mi were coUectcd 
and those containing GS activity wcre bulkcd (approx. 20 mi). 

DEAE-Stpliactl <hrnmator;raph)'. A · column (12 en long, 
2.S cm diametcr) oí DEAE-Sephaccl wu uscd to separate the 
two forms of noduk GS (Fig. 1). Thc extrae\ was applicd and 
thc column thcn " ·uhcd with 65 mi ofrunning hufTcr followcd 
by a 300-ml. linc•r. CHl.2S M KCI padicnt in buíl"cr. Fractions 
OmlJ wcre ·co11cc1ed af1t29mlmin- 1 and the two pcaks of 
GS Mictivity werc bulkcd scparatc1y. 

Phniyl·S•pharou <hroma101raphy. The cxtracts wcre applicd 
.10.rolnmns (7 cm long, 1.0 cm diamcter) of Phenyl-Scpbarose 
and thc protcins elutcd at 0.33 mi min - i with succcssivc 1 S-ml 
stcps ofbuíl"cr containing O, 10 a nd 40% cthylcnc glycol ; 1.6-ml 
fractions werc collccted and thc single pcak.s of GS actiVity 
" ·ere bulked. 

Hydroxyapatitr t-hromo1ography. FinaUy thc GS cxtracts wcre 
11pplicd 'º 3·m1 columns or hydroxyapatjtc cquilibratcd in 
running buffer lad:ing Mg.504 • The proteins wcrc eluted at 
0.24 mi min - 1 with stcps containing O, 100 and 400 mM 
Na,HP04 and 1.2-ml fractions wcrc collected. 

Nat~ polyocrylamidt>-t'I ,/tctrophorais 

Polyacrylamide: (S.S•/•) gcls we:rc run at 20 mA for 7 h ac:cord
ing to Davis (1964). Glutaminc synthctasc activity was dct~ 
by the transíerasc assay as dcscribcd by Barran (1980) and 
protein by staining with Coomassie Bluc R. 

Sodi•m dodurl -'•lphai. ( SDS) - polyacry/JJmilk-g•I 
,fu1rophorrsis 

Denaturinf. SOS-urca, 1 s•;, polyacrylamide seis (aecording to 
Lummli 1970, but IAith thc modilications of Fordc el al. 1981) 
wcrc ruo at 20 mA for 6 h . Thc protcins wcrc fixcd and thco 
stained with Coomassie Bluc R . 

Prottin lkttrminotion 

In cclJ-free extracts, protcin was dctenn.incd according to Lowry 
et al. (19SI). 
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A .t.WI)" tif. tl11111mi11r ·'J"~lhrf(Ht' 

Thc transfcrasc aua1y (Cullimorc and Sims 1980), scmi-hiosyn
lhctic hydroxyl»minc U!la)' (Cullimorc et al . 1982) and thc bio-
1ynthc1ic aUi.ly using ¡•'CJglutamatc as labclled sub~tratc (Cul-. 
limorc »nd Sims 19~1) have ali bccn previously dc<eribed . 

A.uay o/ /J-hydruxybutyrolt dehydrogenast 

Thc cn7.ymc • ·as assaycd by a modilicatíon of thc mcthod of 
Won1 and Evans (1971) as dcscribcd by Awonaik< et •l. (1981). 

Results 

In these studies CS activity has been determined 
both by a scmi-biosynthetic assay in which hydrox
ylamine rcplaced the physiological nitrogen donor, 
ammonia. (Miílin and Lea 1977), and also by thc 
transfcrasc reaction (Woolfolk et al. 1966). Thc 
scmi-biosynthctic assay can be used as a measure 
of the in-vivo cnzymc activity since rates obtained 
by this method werc found to be almos! identical 
to !hose obtaincd when ammonia and ["C)gluta
matc werc uscd in a true biosynthctic assay (data 
not shown). Thc transferase assay was used bc
cause oí its greater sensitivity. 

Using thesc assays the elution profile of CS 
activity was determined following chromatography 
of an extract of Plwseolus root nodules on DEAE
Sephacel (Fig. 1 a). The increasing KCI gradient 
eluted two distinct peaks of CS activity at concen
trations of 25 mM and 65 mM (designated CS.1 
and GS02 respectively). On rechromatography 
each fonn eluted as a single peak at their same 
respective positions on the KCI gradient (Fig. 1 b, 
c). Thc two forms showed quite differcnt ratios 
oftransferase:synthetase activity. Values, over the 
whole peak, of 30 and 90 were observed for CS.1 

and GS.2 rcspectivcly. A small proportion of GS 
activity, with a ratio of transferase : synthetase ac
Liviiy oí 20, Jiu nvi ·oind to· the column but eluted 
during the bulfcr wash (Fig. 1 a). On subsequent 
rechromatography, only 20% of this activity re
mained unbound to the column and thc rcmaining 
activity cluted at the same position as CS01 (data 
not shown). 

' .1.1!th . t.hc cxtraction procedures employed, 
about 25% of the bacteroids were broken, as 
judged by the proportion of P-hydror.ybutyrate de
hydrogenase activity released into the crude nodule 
extract. Experiments were carried out to cnsure 
that the two forms of GS observed.in thcse extracts 
werc not of bacteria! origin. Rhi:ohium phaseo/i 
was grown axenically in yeast extract-mannitol me
dium, cxtractcd and the crude desaltcd cxtracts 
werc subjected to sucrose-dcnsity-gradicnt centrif
ugation (Fig. 2a). Two forms ofCS wcre obscrvcd 
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Fíe. J. • Elution profilc of nodulc GS activi1y írom DEAE
Sephacel. Thc cxtract was prcpared and partia11y purificd as 
dcscribcd in Materials and mcthods (purification of GS). Rc
chromatography of b GS. 1 ande GS,, 2 . G1utaminc synthctasc 
transfcrasc (GS,) (• ) and synthetasc (GS,) (o) activitics and 
KCI conccntration (x) wcrc detcrrnincd 

with S20_w valucs of 9.0 and 20.2. Bactcroids had 
only thc high-molecular-weight form ofthc enzyme 
(Fig. 2b). Thc two nodulc forms of CS, however, 
scdimented mid-way between the rhizobial forms, 
at identical positions, corresponding to S20 _w 
values of 14.6 (Fig. 2c, d). On DEAE-Scphacel the 
two rhizobial GS enzymcs eluted at much higher 
KCI concentrations than either ofthe nodule fonns 
(Fig. 3); these positions were 220 and 300 mM KCJ 
for thc low- and high-molecular-wcight rhizobial 
CS enzymes respectively and 280 mM for bactc
roid GS. 

Extracts of roots and !caves of Phaseolus wcrc 
also run on DEAE-Sephacel columns (Fig. 3e, f) . 
The results established that only a single form of 
GS occurred in roots and this activity eluted at 
an idcntical KCI concentration (65 mM) to CS02 
of nodulcs (Fig. 3 d). Lea ves howevcr, wcrc found 
to contain two fonns of the cnzymc; a cytosolic 
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T~hl,· l. Puri_íicalit•n of two forms of rlulaminc ~ynthctasc fr om Pfw.,rnh1.,· root nodulcs 

Syn1hc1a ~c Total 
aclivity pr01cin 
(µmol min - 1

) (m~) 

Crudc n:tract 76.9 977 
Prot;.iminc-sulph:Jtc supcrnatant 80.0 111 
lS-~5~U s~ituratcd fNH,.),SO, 227 

rnc1.:ipit;.itc 
Scph:ocryl S-300 70.0 90.0 

OS., DlAE-Scph•ccl 34.6 4.4 
l ,hcnyl-Scrh ~1rosc 3~ . 6 V 
li ydrox y:ip<1111c 19J L7 

OS., DEAE-Scphaccl 9.2 12.2 
l1h .. n~· l - Scpharo~c B L4 
1-l~droxyapatitc 3.7 LO 

forrn whirl'> .~lnrP(i .~ r 90 mM KCI and a chloro
plast-located cnzyme which eluled al 190 mM KCL 
[TJ,c :v.:. .. J;Lai;uu of lhé>c forms was established 
by differentially exlracling Jeaf tissue in the pres
ence or absence of 0.05% Triton X-JOO in order 
to di srupl or keep intacl lhe organelle membranes, 
foll owed in the laller case by removal oí the intacl 
d1iurupiasts by cenlriíuga tion . The absence oí GS 
in o r¡:-anelles other than chloroplasts has pre
., ;uu>iy been established (Wallsgrove el al. 1980)]. 

The two planl-nodule forms of GS were puri
lied 10 apparenl homogeneity (140- and 50-fold 
respcctively) by a pro.cedure involving gel lillra
;;,.,, ;,,,,_.,Achange chromatography and aflinity 
chromatography on Phenyl-Sepharose and hy
d, v>.fapatite (Table l) . The final spccilic synthe
lase activities oí GS.1 and GS.2 were J l .3 and 
3.6 µmol min- 1 mg protein - 1 respectively. A total 
recovery oí GS activity of 30% was obtained aíter 
lhe six purilication steps. On SDS polyacrylamide 
geis each final prepata tion oí the two forms pro
duced only a single protein band oí identical mobi
lities corresponding to subunit molecular weights 
of approx. 41.000 daltons (Fig. 4). In crude ex
tract s Jeghaemoglobin was the predominan! 
pro tcin but fo:Jowing gel liltration the 
41 .000-dallon hand was of major importance 
(Fig. 4) . 

On native polyacrylamide gels severa! bands of 
GS activity wcre observed in lhe crude extrae! 
(Fig. 5). Purilied GS.1 and GS 0 2 however, behaved 
as single enlities but with slightly differenl mobili
ties and their positions of activity corresponded 
to the only protein bands observed in these lracks. 
The GS activitv which did nol bind to the DEAE
Sephacel colu~n in Fig. l . had a slower mobiiity 
than either GS., or GS. 2 conli rming tha t its deter-

Spcc:ific Fold Rccovcry Tran~fcrasc : 

i!Ctivity purifica- ¡•1.1 syn1hctasc 
(µmol min - 1 tion ratio 
mg protcin - 1 ) 

o . o~ 1.0 100 S1 
0.10 J.3 104 S4 

0.78 9.9 91 62 

1.9 100 4S 30 
11.9 I S2 43 34 
l l.3 144 2S . 36 

U.1S 9.6 12 67 
3.7 48 1 87 
3.6 46 s 88 

i=..-

_, 
, . ·7 

-2 

-3 

-4 

-5 

a b e d e f g h 

Fig. 4. Sodium dodecyl sulphate-polyacrylamide-gcl electro
phoresis of nodule extracts at different stages o f the purification 
of GS. Crude nodule extract (o) and following f!Cl fihration 
on Sephacryl S-300 (b) . Extracts of GSn 1 follov.in~ chromatog
raphy on DEAE-Scphaccl (r), Phcnyl -Scpharosc (ti) and hy
droxyapati te (d. Extracts of GSnl after DEAE-Sephacel (íl. 
Phcnyl-Scpharose {.gJ and hydroxyapati te (h) chromatography. 
Position of the mo lccular-wei{!ht markc-.rs. bcn-inc plasma albu
min. 66.0(J() (/) : ovalhumin. 45,000 (J J. trypsinogen. 24,000 (3). 
¡;·. 1 ac1o~lohi n. 18.400 t4) and lysozymc. 14.300 (5). Prolcin was 
dctcnnincd by stainin~ with Coomassic Bluc R 

mination was nol an artifacl of the colurnn chro-
matography. • 

It \':as rcported in an earlier paper (Cullimore 
el al. J 982) lhal GS activity in crudc extracts oí 
nodu les was very unstable in Tris-CI .buffer alone 
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FI¡. !. Nativc polyacrylamidc-gcl clcctrophorcsis oí crudc and 
purificd GS Cxtracts from nodules. Crude extract (a). GS activi
ty which did not bind to DEAE-Scpbaccl (scc Fig. 1) (b), puri
ficd OS, 1 (r) and purificd OS,, (d). Activity oí OS transícrasc 
• ·as dctcrmincd 

but that substrates of the synthctasc reaction or 
dithiothreitol could preven! activity losses. It can 

,. be seen from Table 2, however, that following puri 
fication, both forms of the enzymc were stablc in 
buffer alone. Moreover, dithiothrcitol or ATP 
were found to promote the almos! complete deacti
vation of both forms, although this could be pre
vented by the inclusion of 5 mM glutamate and 
10 mM MgS04 in tbe buffer. A differential effect 
of the thiol reactive reagents 5,5' -dithiobis(2-nitro
benzoic acid) (DTNB) and N-cthyl maleimide 
(NEM) on GS01 and GS02 was observed such that 
only 8% of GS01 , but 36% of GS,,. activity re
mained in the presence of DTNB under the condi
tions cmploycd. Thc corresponding values with 
NEM were 66% and 100% respectively. 

An examination of the properties of GS, 1, 

GS.2 and root GS (GS,) (Table 3) revealed that 
ali three enzymes possessed identical molecular 
weights (of 380.000 daltons) and frictional ratios, 
as determined from their Stokes' radii and sedi
mentation coefficients. Tbeir kinetic properties 
were also remarkably similar ; altbough slight dif
ferences wcre noted for ammonia, the Km or S0 ., 

values for hydroxylamine, glutamate, A TP and 
Mg>+ did not vary between the forms by factors 
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Table 2. Effec_t Oí various lig;mds on thc stability of purified 
forms of glutaminc synthctasc: Prcparations of GS purificd to 
apparcnf homogcncity wcrc dcsaltcd in to SO mM Tris-el· buffer .. 
pH 7 .8 an~ activity dctcrmincd initiully and aflcr J 7 h at 24 C 

Buffer on1y 
+ MgS04 (20 mM) 
+ Olutamatc (10 mM) 
+ATP(3mM ) 
+DTT(3mM) 
+ MgS04 + glutamatc+ATP 
+ MgSO. + glutamat<-+ATP 

+dithiothrcitol 
+ MgSO. + glutamatc+.ATP 

+ N-cthyl malcimidc (0.1 mM) 
+ MgSO+glutamatc+ATP 

+ S,S'-dithiobis(2-nitro-
. bcnzoic acid) (0.1 mMJ 

Synthctase activity 
(º/• initial activity} 
.os., os., 

99 
l!S 

89 
3 
o 

128 
. 78 

66 

llS 
119 
116 

18 
2 

123 
77 

100 

36 

Table 3. Propcrties of the root and the two nodulé forms of 
glutamine syntbetase of Phaseolus . Prcparations of the enzymes 
purified to apparent homo!cneity were uscd in thesc dctermina
tions 

Propcrty GS., 1 os., OS, 

Stoke>' radius (nm) 6.S 6.4 6.4 
S20 .• 14.6 14.6 14.6 
Molecular weight 380,000 380.000 380.000 
Frictional ratio l.3S t.34 1.34 
K~ for glutamatc (mM) 2.1 1.4 1.1 
S0 _5 for ammonia (mM) O.SS 0.21 
Hill cocfficient for 1.7 1.8 

amrnonia 
S0 .5 for hydroxylaminc 1.1 0.6 0.4 

(mM) 
Hill cocfficient for 1.6 1.7 2.0 

hydroxylamine 
K,.. for ATP l.S 2.4(50 . .J 2.o<s •. ,> 
S0 . 5 for Mgz.t 4.8 2.6 4.4 
pH optimum 7.7 7.7 7.7 
Transferasc : synthetasc: 35 88 100 

ratio 

• Not determined 

greater than i .6. The properties of the root enzyme 
were found to more closely resemble those of GS0 2 

than GS01 • The pH optima of ali three enzymes 
were broad but centred around a value of 7.7. The 
only noticable difference between the enzymes, 
from these data, were the ratios of transferase : syn
thetase activity which were reproducibly deter
mined to be 30 and 90 for GS01 and GS02 respec
tively (see also Table 1) and 100 for the root en
zyme. 
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Di5cussion 

Tue two fonns.ofOS isolated from Phaseolus root 
ood~les had remarkably similar kinetic and physi
cal ·properties and identical native and stib-un"it 
molecular ·weights (Table 3, Fig. 4) but could be 
scparated, because of slight differences in .charge, 
by ion-exchange cbromatography (Fig. 1), starch
gel electrophoresis (Cullimore et al. 1982), and 
native polyacrylamide-gel electrophoresis (Fig. 5). 
Multiple forros of this enzyme separated from 
other higher plant tissues and species also have 
these characteristics (Stasiewicz and Dunham 
1979 ; Mano et al. 1979; Hirel and Oadal 1980). 

A number of observations indicate that these 
fonns are unlikely to be ofbacterial origin. Firstly, 
bacteroids possess very little OS activity (only 2% 
of thc total nodule activity in Phaseolus nodules
Cullimore et al. 1982) and the single forro of the 
enzyme they cootaio has a very differeot molecular 
weight (Fig. 2) and elutioo characteristics from 
DEAE-Sephacel (Fig. 3) from both of the nodule 
fonns. Furthennore, although free-living Rhizo
bium phaseoli, in common with other members of 
the Rhizobiaceae and Agrobacteriaceae (Darrow 
and Knotts 1977 ; Fuchs and Keister 1980a, b), 
possess a second fonn of the enzyme, it too 
behaves differently from the nodule fonns in these 
respects. Data presented here oo the occurrence 
and characteristics of the two bacteria) OS fonns 
in free-living aod bacteroid Rhizobium phaseo/i 
agree closely with those described for OS of R. 
japonicum (Darrow and Knotts 1977). Finally. the 
striking similarities between the two nodule forms 
and the enzyme studied from a whole range of 
higher-plant tissues (see Stewart et al. 1980) further 
indicate that the two forros are of plant origin. 
This conclusion is supported by the observa tion 
that antisera raised to purified OS.1 or OS.2 cross 
react with other higher-plant OS enzymes but not 
with either ofthe rhizobial forros (data not shown). 

Although only minor differences have bcen ob
served in the kinetic properties of the two nodule 
forros for both the ~ynthetase (Table 3) and trans
ferase activities (data not shown), one distinguish
ing property of these fonns was the differences in 
their ratios of transferase:synthetase activity. The 
values obtained (30 and 90 for os., and OS, 2 
respectively) appear to be an intrinsic characteristic 
of each fonn and did not vary during purification 
of the enzymes (Table 1). The significance of this 
ratio is unclear since only the synthetase activity 
is thought to be of physiological importance. 
Chaoges in this ratio, however, have been showo 
to occur duriog modulatioo of OS activity in both 
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Escherichia coli (Shapiro and Stadtman 1970) and 
Ca11dida utilis (Siros et al. 197_4), processes which 
appear to affect rapidly the in-vivo rate of ammo
nia assimila tion. 

It can be seco from Table 2 . that the require
·ments for maintaining the stability of OS are dif
. ferent when it is purified thao in crude extracts 
(Cullimore et al. 1982), an observation also re
ported for pea Jeaf OS (O'Neal and Joy 1973). 
The most noticeable cffect was that of dithiothrei
tol, which in crude extracts stabilized nodule OS 
but which led to the almost complete loss of activi
ty of the purified forros . The thiol pro bes 5,5' -dith
iobis(2-nitro-benzoic acid) and, to a Jesscr extent, 
N-ethyl maleimide also promoted a Joss of activity 
indicating that maintaining thiol groups in the 
reduced fonn could still be importan! to the activi
ty of the purified enzymc. 

. . In Fig. 1 it is apparent that 16% ofOS activity 
in these nodules did not bind· to DEAE-Sephacel 
but eluted during the buffer wash. In an earlier 
study, using nodules grown during the winter at 
a lower light intensity and temperature. the pro
portion of this unbound activity was much greater 
(Cullimore et al. 1982). When rerun on the column 
this activity did not behave as a single peak but 
al so partly eluted in a position similar to OS. 1• 

However, it is unlikely that this first peak is solely 
the result of overloading or incomplete equilibra
tion of the column, because on native polyacryl
amide gels (Fig. 5) and on starch gels (Cullimore 
et al. 1982) it had a Jower mobility than either of 
the other two nodule fonns. It might be that the 
presence of this forro in the nodules is dependen! 
on the growth conditions of the plant. Alternati
vely, it is possible that this fonn only becomes ap
parcnt in-vitro under certain undefined extraction 
and purification procedures. Clearly this problem 
needs further investigation. 

Finally, the results show that Phaseolus con
tains a number of different forros of GS which 
are tissue-specific. Roots contain only a single 
forro of the enzyme (different from either of the 
two leaf forros) which appears to be identical to 
nodule os.,. Both OS.2 and root OS elute from 
DEAE-Sepbacel at the same KCJ concentration 
(Fig. 3), behave similarly on starch (Cullimore 
et al. 1982) and polyacrylamide gels (data not 
shown), and have almost identical kinetic proper
ties (Table 3). Although the deterroined ratios of 
transfe rase: synthetase activity of the purified en
zymes were slightly different (Table 3), both were 
much higher than that of os., . Moreover, root 
OS and os.2 appear antigenically identical to anti
serum prepared against either os.1 or OS, 2 (data 
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not shown). During nodulation of Plw.<eolus with 
fixing strains of Rhizobium a distinct nodulc-spccif
ic forro of GS (GS01 ), different to the root cnzyme, 
is produced (see al so Lara et al. 1983 ). Whether 
the various forros are the products of separate 
genes or represen! post-transcriplional or posr
translational modifications of a single gene prod
uct has yet to be established. It is clear however 
that Rhi=obium directly or indirectly promotes the 
appcarance of GS01 and in this respecl rcgulation 
of this enzyme resemblcs that of lcghaemoglobin 
(Verma 1980) and a number of other nodule-spe
cific proteins (nodulins) of plant origin (Legocki 
and Yerma 1979). The activity of the two GS forms 
duriog nodulation using fixing and non-fixing 
strains of Rhizobium has beca investigated in a fol
lowing paper (Lara et al. 1983). 

Onc of us (JVC) gratefully aclrnowledges the rcccipt of a Picker
ing Research Fdlowship from thc Royal Socicty. 
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Appearance of a novel fonn of plant glutamine synthetase 
· dq~ing nodule development in Phaseolus vulgaris L. 

M. Lara,., Julie V. Cullimorc' . PJ. Lea 1 , BJ. Miflin 1, A.W.B. Johnston 2 and J .W. Lamb 2 

1 Biochcmistry Departmenl, Rothamsted Elpcrimenlal Stalion, Harpcnden, Herts. ALl 2JQ, and 
2 John Inncs lnslitule, Colney Lane, Norwich, NR4 7UH, UK 

Abstract. The act1v1hes of glutamine synthetase 
(GS), nitrogenase and leghaemoglobin were mea
sured during nodule development in Pha.seolus vul
garis infectcd with wild-type or two non-fixing 
(Fix-) mutants of Rhizobium pha.seolí. The large 
increase in GS activity which was obscrved during 
nodulation with the wild-type rhizobial strain oc
curred· concomitantly with the detcction and in
creasc in activity of nitrogenasc and the amount 
of leghaemoglobin. Moreover, this increase in GS 
was found to be due entirely to the appearance 
ofa novel form ofthe enzyme (GS.1 ) in the nodule. 
The activity of the form (GS02) similar to the root 
cnzymc (GS,) remained constant throughout the 
experiment. In nodules produced by infection with 
the two mutant strains of Rhizobi:Jm pha.seoli (JLl 5 
and JLl9) only trace arnounts ofGSn1 and leghae

-moglobin were detecte:!. 

Key words : Glutamine synthetasc - Lcghaemoglo
irin - Nitrogenase - Nitrogen fixation - Phaseolus 
- Rhizobium. 

lntroduction 

During nodulation of legumes, Rhizo/;¡ium bacter
oids synthesize nitrogenase and can thus fix dini
trogen into ammonia which is then excrete<! into 
the plant fraction ofthe nodule (for a recen! review 
scc Robcrtson and Farnden 1980). lncreascs in the 
activity of glutamine synthetase (GS, EC 6.3.1.2) 
and glutamate synthase (EC 1.4.1 .14) in the plant 

• Pre.sent addre1.t: CCntro de Invcstigacion Sobre Fijacion de 
Nitrogcno. U~AM,. Apanado Postal 565-A. Cucrnan.~ 
Morclos. Mcxico 

Abbreriations : DEAE-Sephacel = diethylaminoelhyl-Sephacel ; 
GS-= glutamine synthctasc 

cclls of the nodule occur concomitantly with nitro
genase production (Robcrtson et al. 1975a, b ; 
Werner et al. 1980) and thesc two enzymes together 
are responsilile for assirnilating the newly fixe<l arn
monia vía the glutamate synthasc cycle (Meeks 
et al. 1978; Ohyama and Kumazawa 1980). In 
nodules which lacl' nitrogenasc activity, due to 
changes in either the rhizobial or plant genome, 
no increasc in GS activity have bcen observed 
(Werner etal. 1980; Sen and Schulman 1980 ; 
Groat and Vanee 1982). 

We have been conccrned with the regulation 
of plant GS in the nodule and have established 
that nodules of Pha.seolus vulgaris posscss a novel 
form of the cnzyme (GS01 ) in addition to a form 
(GS. ,) · which appcars identical to that in roots 
(GS,) (Cullimore et al. 1983). In this paper, chan
-{;~ in the activities of these two forms during nod
ulation using both fixing (Fix +) and non-fixing 
(Fix - ) strains of Rhizobium have bcen investigated. 

Materials and methods 

Chemica/s. Sepbadcx G-25 and dielhylaminoelhyl (DEAE)-Se
phaccJ wcrc obt.ained from Sigma Chcmica1 Company, Poole, 

. Dorse1, UK. 

Organisms. Pha.stt>lus rulgariJ L. cv. Bush Bluc Lakc 274. Pisum 
satit-um L. cv. Fchham FirsL Rhizobium phaseoli, wikl·type 
strains R3622 and 8002; Nod + Fix - mutants JL15, JL19 
(lamb et at 1982). Rhi=obium kgvminosarum , Fix• strain 
T83K3 (Jobnston et al. 1978). 

Grota·th. Plants wcrc inoculated with Rhizobiwn 10 d after 
sowin~ and grown in Leonard jars (Leonard 1943) as modified 
by D)·e (1979) .undcr lhe conditions described by Cullimorc 
et al. (1983). Those inoculatcd with the Fix - mulants of Rhi=o
biwn wcrc supplcmcnted with 30 ppm KN01 in tbe nutricnt 
solution. Thc nodulatcd root systcms werc harvcstcd staning 
JO d rono .... '1ng inoculation and assaycd immediatcly for nitro
gcnasc activity. Nodulcs were thcn picked and stored in liquid 
nitro@Cn prior to assaying lcghacmoglobin and GS. 
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Glu1ami11c synthetase tkt~rmination. Nodulcs (0 .5 g) wcrc ·ho
mogcniscd in a monar and pcstlc with 0.2 g polyclar A T and 
:? .5 mi running buffer {10 mM 2-amino--2-(hydrOX}'TTlCthyl)-1 ,3-
profl"ndiol (Tris¡-CI bufTcr, pH 8.4, conlaining .JO mM Mg
acctatc and ioe;. glyccrol). Thc homogcnatc ~·as Ccntrifugcd 
ill 1 :!.OOOg for 1 S min and thc supcrnatant was adjustcd to 3 mi ; 
1 mi of this crudc cxtract was dcsallcd on a sm¡1ll column of 
Scphade• G-25 •nd then applicd 10 a column (l4cm long, 
t .O cm diamctcr) of DEAE-Scphacel cquilibratcd in running 
buffer. The protcins wcrc clutcd at a flow rate of 7.5 mi h- 1 

wilh 20 mi buffer followed by 40 mi of a linear ~300 mM KCI 
gr1tdicnt in buffer. Fractions (1 mi) wcrc collcctcd and GS activ
ity was dctcrmincd .by the 1ransícrase assay (Cullimorc and 
Sims 1980). 

Auay of nitrogenase anti /eghaemoxlohin . Nitrogcnasc activity 
'"'as mcasurcd by acctylenc reduction as dcscribcd by Dart et al. 
( 1972). Lcghacmoglobin was dctcrmincd by thc pyridinc hac· 
mochromo¡;en method as describcd by Bergersen el al. (1973) 
in exlr-•cts prepared from 0.1 g oí nodulcs in 2 ml 100 mM 
K-phosphate buffer, pH 7.0. 

Results 

Plants were grown in Leonard jars in order to 
obtain uniform development in response to inocu
lation with defined strains of Rhizobium. Samples 
of nodules were harvested at times following infec
tion of Phaseolus vulgaris (cv. Bush Blue Lake 274) 
v.ith R/1i=obium phaseoli R3622. Nodule nitrogen
ase and Jeghaemoglobin were assayed and tbe con
tribution of each form of GS to total GS activity 
was determined following separation of the two 
forms on DEAE-Sephacel (Fig. 1). Ten days after 
inoculation neither nitrogenase nor Jeghaemoglobin 
were detected and only a single form of GS 
activity (GS.2) eluted from DEAE-Sephacel at a 
KCI concentration identical to that of the root en
zyme (Cullimore et al. 1983). At day 12, however, 
another peak of GS activity (GS.1 ) was observed 
which eluted at a KCI concentration of 25 mM . 
The activity of GS. 1 increased over the subsequent 
days such that by day 18 its activity was greater 
than GS. 2 • Because of its greater sensitivity, the 
transferase activity of GS was measured in these 
experiments. However, it has previously been 
shown that GS.1 and GS.2 consistently have dif
ferent transferase : synthetase-activity ratios of 30 
and 90 respectively (Cullirnore et al. 1983) and in 
Fig. 2 these ratios have been used to calculate from 
Fig. 1 the synthetase activities of the two forms 
at different times during nodulation. The results 
establisb that by day 18 GS.1 represented 84% 
oftotal nodule GS activity. Moreover, the appear
ance and increase in activity of this form occurred 
simultaneously with nitrogenase and leghaemoglo
bin, whereas, the activity of GS.2 decreased 
slightly during the experiment and was not mark
edly diffcrent from the activity in non-nodulated 
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Fig. l . Elu1ion profilcs oí GS activity from DEAE-Sephaccl 
of cxtracts of nodules harvestcd al dilTercnt times following 
inoculation of Phaseolus t·u/garis with Rhi=obium plraseoli 
R3622 . Activity of GS (•) and KCI concentration (o) wcrc 
detcrmincd. GS, "" transfcrase activity 

roots. Roots treated for 7 d with 2 mM ammonium 
sulphatc contained only a single form of GS which 
eluted from DEAE-Sephacel at the same KCJ con
centration as the enzyme from untrcated roots 
(data not shown). 

Tbc above experiment was repeated using two 
Fix - mutants derived from thc wild-type Phaseolus 
strain 8002. These were obtained by insertion of 
transposon Tn5 into pRP2JI, the plasn¡id carrying 
the genes for nodulation and nitrogen fixation 
(Lamb et al. 1982). Nodules werc harvested 19 d 
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Fi~ . ."\a-e. Elution rrofilcs ofGS acti,'1ty from DEAE-Scphaccl 
c1f cx1 racts of nodules of Phoseolu.J rul~ariJ harvestcd 19 d fol
len \ :n~ in('lcul:n ion with Rhi:ohíum pha.r;eoli strains a Fix + , 

:ro.oc: . b ~od .. Fi '.'; - ~utant JL15 ande Nod+ Fix- mutant 
JlJY. Activity of GS (•) and KCI conccntration (o) wcre dcter-
mined -

aftcr infection and analysed for GS activity 
(Fig. 3). Although nodules, formed after inocula
tion with the wild'-type strain, contained both 
forms of GS as befare, those formed after inocula
tion with the mutants had only trace amounts of 
GS., and only '.!2% and 24% ofnormal GS activi
ty (Table 1). Small amounts of Jeghaemoglobin 
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. ·1 :1tilc.· l . Ac.:1ivi1il·~ of G S ;ind ni1ro~cna'-C and <Jmount oíleghae
mt 11.'iohin in nodulc!\ C\f /'/1t1.\1·u/11.t 1:11li.11ri.t infcctcd with wild-
1~ ,,;_. or Nod • Fix - mu1ants of Rhi:ubi11m phu.q•oli. Nodules 
" crc·harvcsted 19 d af1cr infcction 
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100•1. for GS. nitroccnase and leghacm('lglobin represented 
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Fig. 4a, b. Elu1ion profilcs ofGS activity from DEAE-Scphaccl 
of cxtracts oí a roots of Pisum .r;otit'um and b noduJes harvc:stcd 
J8 d after inoculation with Rhi:obium /egumino.~orum Fíx• 
<train T83K3. Activity of GS (•) and KCI concentrotion (o) 
werc detennined 

were detectable but the nodules completely lacked 
nitrogenase activity. 

In pea nodules the activity of GS (synthetase 
activity g- 1 fresh weight) was 38-fold higher than 
in roots (Fig. 4) . However, multiple forms of the 
enzyme could not be separated on DEAE-Sepha
cel, although the GS elution profile was broader 
than that from roots. Also the transferase :synthe
tase-activity ratios of the most active fractions 
were found to differ with values of 40 and 95 for 
the nodule and root activities respectively. 

Discussion 

The results reported here demonstrate that the 
16-fold increase in GS activity that occurs during 
nodulation of Phaseolus vu/garis is the result of 
the production .of a new, nodule-specific, form of 
the enzyme. The presence of multiple forms of GS 
has not previously been demonstrated in nodules 
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during cither the purification of soybcan nodule 
GS (McParland et al. 1976), polyacrylamidc,gel 

· clectrophoresis of Ju pin nodule GS (Robcrtson 
et al. 1975a) or DEAE-Sephacel chromatography 
of extracts of nodules of a number of different . 
lcgume species (including ·Pisum satirnm. G/ycine 
111<1x. Lupinus angustifolius, Vigna unguirnlata, 
Vicia faba, C<1janus cajan and Cicer <1rieti1111m , data 
not shown). However, aJ.tliough only one peak or 
GS activity was observed in nodulcs of Pisum 
(Fig. 4), its increased width and lower lransferase : 
synthetase-activity ratio in comparison with the 
root enzyme indicates that multiple forms may also 
be present in this species but difficult to separate 
under the conditions employed. lt is possible, 
thcrefore, that the production of nodule-specific 
forms of GS may be a widespread strategy among 
the legumes for assimilating ammonia produced 
by nitrogen fixation . 

During nodule development of Phaseolus, the 
appearance of GS01 occurred concomitantly with 
the production of nitrogenase and leghaemoglobin 
(Fig. 2). Similar concurrent increases in these three 
proteins occur in lupin (Robertson et al. 1975 a). 
These observations could indicate that bacteria! ni
trogenase and the plant proteins, leghaemoglobin 
and GS0 1, are under a common control mechaoism 
and that their synthesis is interdependent. How
ever. using specific antibodies to leghaemoglobin, 
a much more sensitive method of detecting this 
protein than the haemochromogen method used 
here, leghaemoglobin was found in nodules of 
soybean (Verma et al. 1979) and pea (Bisseling 
et al. 1979) severa! days before nitrogenase. Fur
thermore, in both soybean (Werner et al. 1980 ;.Sen 
and Schulman 1980) and Phaseo/us nodules in
fected with Fix- mutants of Rhiwbium no increase 
in GS activity was observed during nodule devel
opment. In Phaseo/us this was because of the 
almost complete Jack of production of GS,,1 
(Fig. 3). However, very small amounts ofGS01 and 
also leghaemoglobin could be detected in these 
nodules, although nitrogenase activity was com
pletely absent (Table 1; Fig. 3). These results are 
in aj!.reement with work on soybeans where leghae
moglobin and its mRNA were detected, although 
at much reduced levels, in nodules produced using 
severa) non-fixing strains of R. japonicum (Verma 
et al. 1981). Verma (1980) has suggested that in
duction of leghaemoglobin is inde¡iendent of nitro
genase but that factors from Rhi=obium may modi
fy the magnitude of the induction. It appears, 
. therefore. that regulation of the host-nodule pro
teins cannot be explained by a simple control 
mechanism. This conclusion has been supported 
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by recent work which has demonstraT~d that a 
large number of nodule-specilic protcins (nodu
Jins). in addition to leghaemoglobin, are involved 
in an effective symbiosis (Legocki and Verma 
1980) and that in nodules developed with severa) 
ineffective strains of Rhi=obiwn, the abundance of 
these proteins as well as the amounts of mRNA 
associated with thcm are differentially affected 
(Auger and Verma 1981). 

The work reported in thi s paper could indicate 
that GS 01 is a nodulin. Although activity of this 
enzyme appears to be ubiquitous in higher plant 
tissues. different forms of the enzyme are produced 
to assimilate ammonia from different sources at 
diffcrent locations (see Miflin and Lea 1982). In 
nodules, the primary role of GS0 1 must be to as
similate the ammonia produced by nitrogen lixa
tion since the activity of GS0 2 alonc is too low 
to perform this function : the regulation of the ap
pearance of GS01 is being investigated. 

We are sratcful to Dr. J_ Witty, Dr. J. Day and Mr. J. Franklin 
for help with plant ~r0\•1h . Onc of us (JVC) would like to 
thank the Royal Sociery for receipt of a Pickcring Research 
Fcllowship. 
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ABSTRACT 

Glutamine synthetases from roots.. nodules, and leaves of Pluiuolu1 
'ulgari1 L. have been purified to homogeneity and their polypeptide 
composition determined. 

The leaf enzyme is compoS((f of six polypeptides. The cytosolic fraction 
contains two 43,000 dalton polypeptides and the chloroplastic enzyme is 
formed by four 45.000 dalton polypeptides. Root glutamine synthetase 
consists only of the same two polypeplides of 43,000 dalton that are 
present in the leaf enzyme. The nodule enzyme is formed by two poly~ 
peptides of 43,000 dalton. one is common to the leaf and root enzyme but 
the other is specific for Nrfixing nodule tissue. The two glutamine 
synthetase forms of the nodule contain a different proportion of the 
43,000 dalton polypeptide-s. 

Glutamine synthetase (EC 6.3.1.2.) is the major enzyme for 
ammonia assimilation in higher plants ( 15). GS' from different 
plant tissues has a mol wt in the range of 350,000 to 400,000 
(14. 17). The enzyme consists of eight subunit of 43.000 to 
47,000 D. Multiple forros of GS have been separated by ion 
exchange chromatography from a variety of plant tissues. In 
green tissue ofbarley (12) and rice (7, 9). cytosolic and chloro
plastic GSs (called GS, and GS,) have been described. In root 
tissue only one forro of GS has been found ( 12, 17). Two forros 
of GS, GSn-1 and GSn-2 ha ve been observed in Phaseolus root 
nodules (3). GSn-1 is a new forro which appears during nodule 
development (10), whereas GSn-2 is undistinguishable from the 
one found in roots (3). Recently, two GS polypeptides have also 
been identified in alfalfa root nodules (6). One of the best 
characterized eucaryotic GS is the one from Neurospora crassa, 
in which two nonidentical polypeptides are structured in different 
oligomeric forros ( 4, 1 1, 21 ). This paper reports the purification 
and polypeptide composition of GS from leaves, roots, and 
nodules of Phaseo/us vu/garis. 

MATERIALS AND METHODS 

Plant Material. Phaseo/us vulgaris L. cv Ojo de cabra was 
inoculated with the wild type Rhizobium phaseo/i strain CFN-

1 Supported in part by grants from Consejo Nacional de Ciencia y 
Tecnología and from Fondo de Estudios e Investigaciones Ricardo J. 
Zevada. 

1 Abbreviations: GS. glutamine synthetase: GSi. cytosolic glutamine 
synthetase; GSi. chloroplastic glutamine synthetase: GSn-1 and GSn-2. 
nodule glutamine synthetases: RB. running buffer; PBS, phosphate 
buffered saline: IP, isolectric point. 

42 (20) and grown for 4 weeks in a glasshouse under natural 
daylight ( 14 h) (mean day temperature, 25 to 30-C; RH, 45 3 ). 
The plants were watered every other day with nitrogen-free 
nutrient solution (2), and with water alternatively. Nodules and 
leaves were harvested after 4 weeks, roots from noninoculated 
plants after 2 weeks. Etiolated lea ves were obtained after 1 O d 
from noninoculated plants grown at 30ºC in the dark and watered 
only with distilled H20 . 

Root GS Purification. Ali purification steps were carried out 
at 4-C. Root tissue, frozen in dry ice, (100 g) was grou nd in a 
mortarwith 100 mi of2-fold concentrated RB (10 mM Tris-HCI 
(pH 8.4), 10 mM Mg-acetate, 103 (v/v) glycerol). The brei was 
filtered through four layers of muslin and centrifuged al 20,000g 
for 45 min. The supernatant was brought to 703 (NH,),SO,, 
centrifuged al 15,000g for 15 min. The pellet was resuspended 
in 10 mi RB, desalted on a Sephadex 025 column (2.5 x 40 
cm), and loaded on a DEAE cellulose column (2.5 x 30 cm). 
Both columns were previously equil ibrated in RB. After washing 
with 400 mi RB, proteins were eluted with 400 mi of a O to 0.4 
M KCI linear gradient in RB. Four-ml fractions were collected 
and those showing GS activity were pooled and chromatographed 
on a column ( 1 x 25 cm) of Sepharose-anthranilic acid as 
described previously ( 18), omitting MnCl2 in the elution gradient. 
The fractions showing GS activity were concentrated 5- to 10-
fold in a dialysis tube immerged in crystalline sucrose and then 
dialyzed overnight in 10-fold diluted RB containing 103 (v/ v) 
glycerol. The purified enzyme solution was brought to 503 
(v/v) with glycerol and stored at -20ºC. 

GS Purification from Nodules. Nodule extract was prepared 
by grinding 20 g of nodule tissue in a mortar with 100 mi of 
extraction buffer, 100 mM Tris-HCI (pH 8.4), 10 mM Mg-acetate, 
103 (v/ v) glycerol, 0.53 (v/ v) Triton X-100. The brei was 
centrifuged at 20,000g for 45 min. The supernatant (100 mi), 
was precipitated by adding 1 volume of acetone at -20ºC and 
immediately centrifuged at 16,000g for 15 min. The collected 
pellet was dried with filtered air, resuspended in RB, and loaded 
on a column (2.5 x 40 cm) of DEAE cellulose. Further purifi
cation was done following the same steps described for root GS. 

GS Purification from Green and Etiolated Leaves. Green (50 
g) or etiolated ( 12 g) leaves were ground in a mortar with dry ice 
to yield a fine powder. Two vol u mes (w/ v) of extraction buffer, 
100 mM (Tris-HCI (pH 8.4), 10 mM Mg-acetate. 103 (v/v) 
glycerol, 10 mM /l-mercaptoethanol. 1 mg/ml ofBSA (w/v). were 
added. The extrae! was filtered through fou r layers of muslin and 
centrifuged at 20,000g for 45 min . The supernatant was fraction
ated with (NH,),SO,. The precipitate obtained from 35 to 703 
saturation was dissolved in a minimal volume of RB containing 
10 mM /l-mercaptoethanol. The sample was applied on a column 
(2.5 X 60 cm for green and 1 x 68 cm for etiolated leaves) of 
Sephacryl S-300 equilibrated in the same buffer. The volume of 
the sample applied did not exceed 2.53 of the volume of the 
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column. Proteins were eluted with RB and fractio ns containing 
GS activity were pooled and loaded on a column of Sepharose
anthranilic acid as described above. 

Glutamine S)·nthetase Determination. GS activi ty was meas
ured by the transferase assay ofFerguson and Sims (5). One unit 
of activity represents 1 µmol of -y-glutamyl-hydroxamate formed 
per minute at 30"C. 

Polypeptide Analysis of tht GS Forms. GS forms were isolated 
by ion exchange chromatography from crude extracts of nodu le 
and etiolated leaf. following the procedure described by l..ara et 
al. (10). The fractions containing the highest activity of each 
peak were pooled and immunoprecipitated as reponed previ
ously ( 11~ usinganti-GS serum raised against the purified enzyme 
fiom nodule for the nodule GS forms and from green leaf for 
the leaf GS forms. These immune complexes were analyzed by 
two-dimensional gel electrophoresis. 

Electrophoresis. SDS-PAGE was performed in 7.53 (w/v) 
polyacrylamide gel according to Palmiter et al. ( 19). Two-dimen
sional gel electrophoresis was done according to O'Farrell ( 16), 
except that electrofocusing gels were run at 400 v for 20 h 
omitting the final high voltage pulse. Electrophoresis in the 
second dimension was carried out as previously reponed (21) 
without urea. Proteins were stained with Coomassie blue R ( 13). 

Protein Determination. Protein was measured colorimetrically 
by the Bradford procedure ( 1 ). 

RESULTS 

The GS from roots, nodules, and leaves was purified using a 
col umn.of anthranilic acid bound to Sepharose (Table 1). This 
procedure of affinity chromatography was reponed previously 
for N. crassa GS (18). SDS-PAGE shows that the enzyme from 
roots or nodules migrates as a single protein band of 43.000 D 
(Fig. 1, lanes 1 and 2). GSs from green and etiolated leaves 
present two protein bands of 45.000 and 43,000 D (Fig. 1, lanes 
3 and 4). The 45.000 D band is the major componen! in the 
green leaf enzyme. while in etiolated leaves both proteins are 
present in approximately equal amounts. A band with higher 
mol wt is sti ll observed in the et iolated leaf (Fig. 1, lane 4). 

Subsequently, the polypeptide composition of the purified 

Table l. Purification ofGSfrom Roors. Nod11les. Green. and Etiolated 
L<'OW!S of Phas<•of11s t·u/garis 

Purification Total Total Spccific Purification 
Step Protein Units Activity Factor 

unit.s/mg protein fold 

Roots 
Crude extract 

(NH,),SO, 330.0 284.0 0.86 
Sephadex G-25 193.0 240.0 1.24 1.44 
DEAE-cellulose 33.0 101.0 3.06 3.55 
Sepharosc-anthranilic 0.5 25.8 51.6 60.0 

Nodules 
Crude extract 315.0 302.4 0.96 
Acetone precipitation 74.7 349.7 4.68 4.87 
DEAE-cellulose 24.4 130.5 5.34 5.56 
Sepharose-anthranilic 0.5 98.1 196.2 204.37 

Green !caves 
Crude extracts 
(NH,),SO, 983.4 1326.0 1.34 
Sephacryl S-300 18.7 501.5 26.81 20.0 
Sepharose·a n t h ra ni 1 ic 1.9 181.9 95.73 71.44 

Etiolated leaves 
Crnde extracts 
(NH,),SO, 175.0 167.5 0.95 
Sephacryl S-300 27.2 76.6 2.81 2.95 
Sepharose·anthrani lic 0.2 33.23 166.15 174.89 

2 3 4 

66,000 -

-1 

45,000 - ... -.... 

24,000 -

18,400 -

14,300 -
F1G. J. SDS·PAGE of the purified GS from different tissues of P. 

vulgaris. SDS-PAGE ofthe GS purified from (1) root (8 µg). (2) nodulc 
( 10 µg), (3) green leaf ( 12 µg), and (4) et iolated leaf (4 µg) of P. vu/garis. 
Mol v.1 markers: bovine plasma albumin. 66.000: ovalbumin. 45.000: 
try?<inogen. 24.000: P-lactoglobin. 18.400: and lysozyme. 14.300. Pro
teins were stained with Coomassic blue R. 

enzymes was analyzed by two-dimensional gel electrophoresis. 
Root GS is composed of two polypeptides, called a and (3, IP-
5.8 and 6.2, respectively (Fig. 2, A). The nodule GS is formed 
by two polypeptides. The first one (-y) is a specific nodule 
component and the second one is similar to the f3 polypeptide 
observed in roots. (Fig. 2, B). Root and nodule enzymes were 
co-electrophoresed and only three polypeptides were observed 
indicating that f3 is the same in both tissues (Fig. 2. C). The 
43,000 D GS band in the leaf enzymes is composed of the same 
a and f3 polypeptides as present in the root GS (Fig. 2. D and E). 
This was confirmed when both root and leaf enzymes were co
electrophoresed (Fig. 2, F). The 45,000 D protein band observed 
in the enzyme of green lea ves is composed of four polypeptides, 
called a, b. e, and d. In the etiolated leaf componen! 'a' is not 
observed (Fig. 2. D and E). 

To demonstrate if the native GS forms contain the same 
polypeptides found in the pure enzymes. GSn-1 and GSn-2 from 
nodule extract and GS, and GS, from etiolated leaf extract were 
separated usi ng a DEAE-Sephacel column (Fig. 3. A and B). 
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Fractions with the highest enzyme activity from each peak were 
immunoprecipitated and their polypeptide composition was an
alyzed. The 'Y polypeptide from nodules is the main componen! 
in the GSn-1 form (Fig. 4, A), while the {3 polypeptide is present 
in a high proportion in the GSn-2 form (Fig. 4, B). Analysis of 
the leaf GS forms indicated that the chloroplastic GS, form is 
composed of b, c. and d polypeptides (Fig_ 4, D). The GS , form 
is mainly composed of a and {3 polypeptides (Fig. 4, C), but a 
third co mponen! appears weakly between a a nd 13-

Furthermore. the componen! 'd ' is still observed in the GS , 
fraction . Studies are in progress to clarify whether 'd' is a real 
componen! of the cytosolic GS, o r a cross-contamination be
tween the GS, and GS2 peaks. 

DISCUSSION 

The results reported here demonstrate that the multiple forms 
ofGS are related to the presence of ditTerent polypeptides of this 
enzyme in P. vulgaris. 

The polypeptide analysis of the two nodule forms of GS (3) 
shows that GSn-1 has a higher proportion of the 'Y and GSn-2 of 
the {3 polypeptide (Fig. 4, A and B). lmproved chromatographic 
methods for the separation of the two GS forms are required to 
elucidate if the presence of {3 in GSn- 1 and of 'Y in GSn-2 is not 
an artifact. GSn-1 form. which is expressed o nly in etTective 

. ~ IEr 
D 

11) 

o 
11) 

• 

F1G. 2. Two-dimensional gel electropho
resis of the purified GS from ditferent tissues 
of P. vu/garis. Two-dimensional gel analysis 
oí the GS purified from: A. root (8 µg): B. 
nodule ( 10 µg): C, root plus nodule (4 µg + 
5 µg): D. green Jear ( 12 µg): E. etiolated lear 
(8 µg): F. root plus green lear (4 µg + 6 µg). 
a , /J, ')',a. b, e, and d are GS polypeptides. 

nodules ( 10). is composed ma inly of the nodule speci fic polypep
tide y . This suggests that this pol ypeptide is responsible for the 
assimilation of ammonium produced by the bacteroids during 
symbiosis. 

In the root tissue, the GS is composed of two polypeptides 
which comigrate with the a and {3 polypeptides of the leaf GS, 
form (Fig. 2, F), indicating that the root GS and the cytosolic 
GS, form are identical. Considering our polypeptide analysis of 
leaf and root extracts, we presume that the component observed 
between a and f3 in the GS , peak (Fig. 4, C) has no relation with 
the GS polypeptides. 

The GS2 form is composed mainly o f the 45,000 D polypep
tides b, e, and d (Fig. 4, D). The chloroplastic localizat ion of this 
form (22) and the absence of these higher mol wt po lypeptides 
in the root and nodule GS and in embryo leaves (data not 
shown), imply that this GS, form could be encoded by a gene 
that is only expressed in mature leaves. During the preparation 
of this paper. the multiple polypeptide composition in the chlo
roplastic GS, has been described (8). lt is not yet known whether 
these polypeptides are encoded by one or more di tTerent genes 
or whether they arise by post-transcriptional mod ification . The 
a, b, e, and d GS polypeptides are specific for mature lea ves and 
the 'Y polypeptide is specific for nodules. The physio logical and 
developmental importance of these observations is currently 
under study. 
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f!G. 3. Elution profile after chr.omatography on 
DEAE-Sephacel columns oí the different GS 
forms from nodule and etiolated leaf extracts. A, 
Ncxtulc g]utamine synthetase forms. GSn-1 and 
GSn-2: B. etiolated leaf glutamine synthetasc 
forms GS, and GS,. 
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F1G. 4. Two-dimensional gel electrophoresis anal ysis ofthe GS forms from nodule and etiolated leaf. Two-dimensional gel electrophoresis ofthe 
immunoprecipitated GS. A. GSn-1 : B. GSn-2: C. GS 1: D. GS;. a. {J. 'Y· a. b. c. and d are GS polypeptides: SP. serum proteins. 
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DISCUSION Y PERSPECTIVAS 

Los resultados obtendios a través de la purificación y el 

análisis de los polipéptidos de la GS en los distintos 

tejidos de frijol, muestran que las diferentes formas de 

ésta enzima, tienen una composición polipeptfdica difetente 

y que algunos de éstos polipéptidos son tejido especffico. 

La forma única de GS presente en rarees y la GS-1 del ci

toplasma de la hoja, presentan la misma composición, lo 

cual sugiere que sean la misma forma de GS. Es importante 

señalar que durante el desarrollo de la rafz , la proporción 

entre el polipéptido a y e se modifica, siendo a el princi

pal componente en la rafz primaria y e el único componente 

de 1 a ra r z madura (datos no mostrados). Este hecho pi antea 

dos alternativas: ó un polipéptido es prec urso r del otro ó 

son dos componentes que se expresan en diferentes estadios 

del desarrollo. La primera posibilidad indicarla que en la 

rarz y durante su desarrollo está presente un mecanismo esp~ 

cifico que permite la conversión de un polipéptido a otro, 

mientras que en hojas este mecanismo no está presente. La 

segunda posibilidad indicarla que la expresión de ambos 

polipéptidos (ay e) está regulada de manera diferente en 

hoja que en la rarz. 

La mayor abundancia del polipéptido a en las etapas tempra

nas del desarrollo de la rarz lo relacionan a éste con esta

dios de crecimiento y de una alta actividad biosintéti ca del 
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tejido. Por 19 que es interesante explorar la distribución 

tanto del polipéptido a como del e en las diferentes partes 

del sistema radicular y analizar la proporción entre ambos 

polipéptidos en los diferentes estadios de desarrollo de 

la hoja. 

En el tejido nodular, se encontró que la glutamino sintetasa 

analizada por cromatografia de intercambio iónico, se presen

ta en dos formas. Una de éstas formas la cual se eluye con 

menor fuerza iónica denominada GSn-1 se induce conforme se 

desarrolla el nódulo, y su actividad se elevaba paralelamen

te al aumento en la actividad de la nitrogenasa. La segunda 

forma de ésta enzima, presente en el nódulo, se comporta de 

una manera similar a la forma de raiz en cromatografJa de 

intercambio iónico. 

Es importante recalcar que la forma GSn-1 es especifica del 

tejido nodular, y que sólo se encuentra en nódulos efectivos 

y no en nódulos formados por cepa s mutantes de Rhizobium inca 

paces de fijar nitrógeno. 

El análisis polipeptfdico de la enzima ourificada de los nódu 

los, muestra dos componentes denominados e y y de igual peso 

molecular pero diferente punto isoeléctrico. 
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El análisis en geles de dos dimensiones de los inmunopre

cipitados de las dos formas de la GS del nódulo mostró que 

el pollpéptido y era el principal componente de la forma 

GSn-1, y el polipéptido p de la forma GSn-2. 

Estos datos indican que durante la simbiosis, la planta 

expresa una forma especifica de GS la cual está compuesta 

de un polipéptido especifico del nódulo denominado Y. La 

ausencia de ésta forma en nódulos ineficientes sugiere que 

esta es la forma DEAE responsable de asimilar el amonio 

formado por la nitrogenasa en el bacteroide. Sin embargo, 

la ausencia del polipéptido y en nódulos inefectivos no ha 

sido demostrada. 

Dada la distribución especifica de las enzimas en los orga

nelos de las células infectadas y de las no infectadas, que 

participan en la slntesis de los transportadores de nitrógeno 

como los ureidos, se están tratando de definir si existe una 

distribución especifica de los polipéptidos a y y en ambos 

tipos de células. La localización de éstos polipéptidos, 

establecerla con mayor precisión cual de ellos es el respon

sable de asimilar el amonio en la simbiosis. 

Si bien el polipéptido a se localiza tanto en ra[z como en 

nódulo, el componente a de la enzima de ra[z no se encuentra 

en el tejido nodular. Como se mencionó anteriormente , este 
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componente desaparece conforme se desarrolla la ralz por 

lo que su ausencia en el nódulo se explicarla debido a que 

la maduración del nódulo se logra en las ralees bien desa

rrolladas en oonde sólo está presente el polipéptido ~

Esto de ninguna manera invalida la posibilidad de que la 

ausencia del polipéptido a en el nódulo no se relacione con 

e l proceso simbiótico y las condiciones metabólicas en este 

tejido. 

Al igual que se mencionó en el caso de la ralz, la posible 

relación precursor-producto entre los polipéptidos e y y 

de nódulo no ha sido completamente descartada, sin embargo 

los resultados de la slntesis in vitro, a través de la tra

ducción y la inmunoprecipitación del mRNA polisomal del 

nódulo, indican fuertemente que estos polipéptidos son pro

ducto de dos diferentes mensajeros. 

Una de las caracterlsticas de la simbiosis en el frijol es 

que el amonio asimilado en glutamina es transportado en 

forma de ureidos al resto de la planta y no en forma de 

amidas como sucede en condiciones de no infección . Este 

hecho, junto con el resultado obteni~o en nódulos de chl

charo donde no se encontró la forma especifica de nódulo 

GSn-1 y donde los transportadores de nitrógeno siempre son 

amidas, plantea la posible relación entre esta forma nueva 

de GS, el polipéptido y (nódulo especifico) y la slntesis 
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de ureidos en la simbiosis~· phaseoli y frijol. Un análisis 

comparativo de los polipéptidos de GS aislada de nódulos de 

plantas que transportan ureidos como de plantas que trans

portadoras de amidas, se están llevando a cabo para definir 

si existe ó no dicha relación. 

Un punto a considerar dada su posible reelevancia en el estu

dio de las interacciones planta-bacteria, es que la expresión 

de un polipéptido especifico de GS, como es el Y, esté media

do por la bacteria directa o indirectamente. Hasta el momento 

parece ser claro que ni la presencia de amonio en la célula 

vegetal, ~i de compuestos como glutámico y glutamina, promue

ven la expresión de éste polipéptido en rafees rro infectadas; 

esto sugiere que la condición nitrogenada en el nódulo no es 

la responsable directa de la expresión de ésta enzima GSn-1. 

En hojas de plantas tipo C, existen dos procesos fntimamente 

relacionados con el manejo del nitrógeno en la planta; uno 

es la asimilación del nitrógeno que procede de la rafz, ó 

e l que no ha sido incorporado y llega a la hoja como nitró

geno inorgánico (NO,). El otro proceso es la reasimilación 

del amonio durante la fotorespiración, el cual es de una gran 

trascendencia dada la magnitud de éste proceso. 

En ambos casos la asimilación o reasimilación del amonio se 

lleva a cabo a través de la actividad de la GS. Dada la 
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presencia de la GS-1 citoplásmica y la GS-2 cloroplástica 

en las hojas de frijol, queda por discernir cuál de éstas 

formas de la enzima participa en el manejo del nitrógeno 

en éste tejido. La alta actividad de GS-2 y la muy baja 

actividad de GS-1 en hojas maduras y, dada la magnitud de 

la fotorespiración en éstas plantas, permite pensar que es 

la forma cloroplástica (GS-2) la encargada de manejar el 

nitrógeno de la fotorrespiración. Sin embargo, dada la 

localización cloroplástica de la GS-2 y el hecho de que el 

amonio es liberado dentro de la mitocondria, se tendrla que 

presuponer que este amonio pasa libremente hacia el cloro

plasto de una u otra mane r a ó que la enzima citoplásmica es 

una enzima con una gran capacidad para reasimilar el amonio. 

En el caso de que alguna de las formas de ésta enzima fuese 

la responsable de asimilar el amonio de la fotorrespiración 

y/o el procedente de la rafz , la presencia y función de dos 

formas de GS, las cuales presentan una composición polipep

tldica diferente, sigue siendo una pregunta a responder. 

En cuanto a la composición de las dos formas de GS en hoja, 

se está estudiando si la fo rma cloroplástica, GS-2, es sin

tetizada como un precursor en el citoplasma y procesada en 

su entrada al cloroplasto, ó bien que sin ser modificada 
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citoplasma. Esto último se apoya en el hecho de que la 

diferencia entre estos 4 polipéptidos, parece radicar en 

que están glucosilados (32) por lo que es diffcil pensar 

que los cuatro sean productos de diferentes mensajeros, 

no asf que uno sea el precursor y/o los cuatro procedan 

de un precursor común. Estudios de sfntesis in vitro e 

inmunoprecipitación, con anticuerpos especfficos anti-GS 

no han dado datos relevantes al respecto. Sin embargo, en 

trabajos recientes, diversos grupos han podido aislar una 

clona con el gene especffico para GS a partir de un banco 

de genes de frijol. Sus estudios de hibridización utili

zando mRNA de diferentes tejidos indican por un lado que 

existe una familia de genes para GS en frijol y por otro, 

que un sólo gene parecerf a ser el responsable de la GS-2 

de cloroplasto en hoj a (31). 
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CONCLUSIONES 

Con base en los resultados obtenidos de la purificación y 

caracterización de la GS en los diferentes tejidos de fri

jol, se puede concluir: 

a) Las diferentes formas de GS identificadas por 

cromatograffa de intercambio iónico en nódulo, 

rafz y hoja de frijol son el resultado de di

versos polipéptidos de GS existentes en esta 

planta. 

b) En nódulos de ·frijol existe una forma de GS 

compuesta por un polipéptido especffico de 

este tejido y el cual se propone como el re~ 

ponsable de asimilar el amonio durante la 

simbiosis. 

c) La forma de la GS descrita en rafz de frijol, 

presenta la misma composición polipeptfdica 

que la forma citoplásmica de la GS en la hoj a 

por lo que se sugiere que son formas idénticas . 

d) La forma cloroplástica de GS (GS - 2) en f ri jol 

se compone de 4 polipéptidos especfficos de 

éste tejido y su peso molecular es mayor que 

los otros polipéptidos encontrados en rafz y 

nódulo. 
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e) La presencia de polipéptidos de GS tejido es

pecfficos en frijol, su expresión durante el 

desarrollo de los diferentes tejidos y los 

datos de la sfntesis in vitro de GS abre n la 

posibilidad de que exista una familia de genes 

de GS en frijol. 
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