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Nota: En esta figura la glutamato sintasa (GOGAT) 
aparece como GUS. 
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Glutamine Synthesls Regulates Sucrose Catabollsm in Neurospora crassa 

By GEORGINA HERNÁNDEZ ANO JAIME MORAº 
Centro de /ln~stigación sobre Fijacián Je Nitrógeno. Unfoer.'iidacl Nuciunul Autónuma de México. 

Cuernarac:a, J,,for., Afexico 

(Rec:eiti.ed 30 April 1986) 

The effect of glutaminc synthesis on sucrose mctabolism in Neurospora crassa was studied. 
Different inhibitors ofglutamine synthetas.c wcre used to inhibit gJutaminc synthesis in mutants 
having a low ammonium assimilation capacity. Sucrose utilization was impaircd. as indicatcd 
by n Jowcr conccntration und synthcsis of intcrmcdiatcs of the tricarboxylic acid cyclc and 
rcduced relcasc of CO:z. Wc propase that a coordinatcd rcgulation of carbon and nitrogcn 
utilization is achievcd through sensing of the cnrbon and nitrogcn flows through gJutaminc 
synthesis. mcdiated by changes in the intracellular content of ATP. which is rcduced as a 
consequcncc of glutamine synthesis. 

JNTRODUCTION 

Carbon and nilrogen mctabolism inleract in the first instance in the reuctions ofummonium 
assimilation. Carbon compounds. energy and reducing powcr are rcquired far glutamate and 
glutamine synthcsis. In Neurospora crassa glutamatc can be synthcsized through the 
panicipation of two different enzymcs, glulamate dchydrogenasc (GOH) (EC 1. 4. l. 4)0 

NADPH dcpcndcnt. which synthesizes glutumate from 2-oxogluturutc und ummonium 
(Finchum. 1950; Hcrnández et u/., 1983) und glutamatc synthuse (GOGATJ (EC 1. 4.1.14), 
NADH dependent, which givcs two moJecules ofglutamatc from glutamine and 2-oxoglutarate 
(Hummclt & Mora. J 980a. b). Glutamine synthctase (GS) (EC 6. 3 .1. 2) requires ATP and in N. 
crassa it is found in two diITcrcnt oligomcric forms composcd ofa: and /J monomcrs rcspcclivcly 
(Dávila c.•t al .• 1980). 

Carbon and nitrogcn mctabolism also inlcracl in thc mctabolic slcps rclated to the 
distribution ofnitrogen from glutamate und glutaminc into severa! biosynthctic puthways. In N. 
crussa thc nitrogcn from gluw.minc is distributcd by thc cnzymcs of 1he w-ami<Jase pathway as 
wcll as by transamidation. Glutarninc transarninusc synthcsizcs diffcrcnt amino acids and ar 
amidase hydrolyscs thc resulting 2-oxoglutaramate to 2-oxoglutaratc and arnmoniurn (Calderón 
eta!.. 1985). The ammonium rclcased by the ru·amjdase pathway is assimilatcd not only by GDH 
but also by GS. thus lending to the operation of a gJutamine cycle in which this amino acid is 
continually degraded and resynthesized (Calderón et al.. 1985: Calderón & Mora. J 985). 
GOGA T also participa tes in the di5tribution of the nitrogen from glutamine (Calderón & Mora. 
1985). 

The rcgulation by the nitrogen sourcc of the cnzy1nes that synthesize glutamate or glutamine 
(Hcrnándcz et al .• 1983; Vichido et al .• 1978; Quinto et al .• 1977; Sánchcz et al .• 1978) and thc 
participation ofthese enzymcs in diffcrent ammonium assimilation pathways in N. cras.'..a (Lara 
el al.. 1982) have bcen reported. There have also bcen reports on the reguJation of GS and of 
GDH by the carbon source in N. crassa und other micro-organisms (Ferguson & Sims. J 974a. b; 
Hemmings. 1978; Kupoor & Grovcr. 1970). Mora et al. (1980) reported that when mycelium of 

Abbrnialions: GDH. glutamlllc dchydrogcnase; GOGAT, glutamate synthase; GS. glutamine synthe1ase: MS. 
methionine 5ulphoximine. 
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N. cra.ua was dcprived ofthc car bon sourcc. the GS was degrndcd; lhcy proposcd that thiscould 
be a rcgutau~ry mcchanism to conserve cncrgy. Howcvcr. dcspitc thc cost. in tcrms or carbon 
skclctons. rcducing powcr und ATP, of thc ummuniurn ussimilation rcactions, nothing is known 
about thc cffcct of glutaminc synthcsis on curbon mctabolism. Wc thercforc lookcd far an cffcct 
of glutaminc synthcsis on sucrosc mctabolism in N. cru."í.'iO. 

METHOOS 
Stru;,u. Thc Nrurusporu crus.iu wilJ·typc i.train 74A. thc GDll·<ldicicnt mutant um•I (GDH - ) und thc GS 

p1tniul aux.otroph gin-Ja (GS 1 ) wcrc from thc FunsPI Gcnclic5 Stock Ccntcr (Humboldt S1a1c Univcnity 
Foundution, Arca.ta, Calif., USA). Thc doublc muta1,, ,.,,,./ :xln-/a (GDH- ;GS'") was from the collcctlon of J. 
Mora. 

GrvH"th cvnJitic.ms. Uutc-h c-ullurcs oí N. cruuu wcrc gruwn at 37 ºCon Vogcl minim-.il medium (r-.;¡ (Voael. 1964) 
contuining l ·S'Y. (w/v) •Ucrose. Al lhir;. growth tcmpcruturc" hishcr GS u.cti.,,.ity ullowed u highcr llr•)wth ratc in aU 
thc struins ur;.cd p.nd ullowcd arowth of the alutaminc auxotroph (GS ~ ) on ¡lutamatc (011.,,.ila rt u/. 1978). Othcr 
nitrogcn sourccs uscd in plucc of OI" in uddition to ummonium niuutc nl"c r;.1utcd in the tcxt. GTowth was measured 
as dcscribcd previou<;.Jy (Luru rt al, l 9H2) by totnl prolcin concentration dctermined by thc Lowry method. 

Drtrrmination oj GS uc1i,.;1)'. Ccll-frcc ci;tructs werc prcpaTcd us prcviously dcscnbcd (Luru. rt al. 1982; Vichido 
r1al .• 1978). GS activity was measurcd ll!. descrihcd by Ferguson & Sana (1974u). SpecÍÍlc- activit:o was cxprcsscd 
as units (mg total prutcin)- 1• units being µmol y-glutamyl h)·droxamatc produccJ man-1. 

An1moniun1 Jerern1i11uti11t1. San1plcs of thc tncdiun1 wcrc culle..:t.:d anJ atnnll1nium wa!iO mcasurcJ with an Orion 
clcctrodc (Espin c•t al .• 1979). 

Deurminalion of amino aciJ pooh. Samplcs fol" amino ;1c1<l analysis wcrc prcparc:d by homogcnizing cclls with 
80% (v/v) cthanol (liummelt & MoTa. l9ROu). Thc amino acids werc scr-al"ated in an Ami neo amino acid analyscr. 
couplcd with Ol"lhophthalaldchydc (Sigma) and quantificd in ::in Aminco Ratio Fluoromcter. 

~trrmination ofCJthrr nrerabc>liu·f. Mycclial sumplcs werc collcctcd on memhTane filien;. (~1ill1rore, type HA, 
0-45 µm) und wa•hcd with di•tillcd water. Gluc-osc, 2-o:ic:oglutaratc and üthcr organic acids wcr.:: c:ic:tractcd by 
rcsuspcnding thc •amplcs in 0·6 M-HCIO..,. 

Glucosc wus dctcl"mincd with u glucosc kit lBochringer 1\-1annhcim}. 2-0:ic:ogluturutc was dctermincd by 
measuring thc initiol rate of cha na.e in AHo• using bovinc GDH. A samplc ofthc cxtract was incubatcd at room 
tempcraturc with 30 mM·ammonium sulphatc. 0·1 mM·NADH und 0·01 mi oía 2·Sº:, (v/ ... ) solu1ion ofbovineliver 
GDf-1 (50 units Cmg protein)- 1] (Sig;ma pruduct no G2626) in 1 mi final volume oí l(J{J mM·pota<;<,1um phosphatc 
buffer pH 7·6. 

Thc intraccllular conccntratinn of pyruvalc (Table 2) was <lctcrmined by mca!.uring thc initial r.itc of changc in 
A.l•O• using bovinc lactic dchydrogcnasc lLDJ-1). A sample of thc cxtract was incubated at room ternpcraturc with 
O·l mM-NADH and 0·01 mi ofa 2·5~~ ( ... /v) 1>elution ofLDH [400 units (mg protein)- 1 } (Sigma product no. L1006) 
in l mi final volume of 100 mM-Tri!ii buffer pl-f 7·8. 

To mc111;ure the CD: released Íl"om (U- 1•C)<;.ucrose, "umplcs uf the c:uhurc were taken and translcned to a sidc• 
ann tubc with frcsh mcdium contnining 0·06'!~ sucrosc. Thcsc cullureo; rei;:cived a lS m1n pul.e with 
{U- 14C}aucToa.c (O-S µCi mt- 1; 18·5 kBq mi- 1 ). Thc C0 2 relea5c<l wa5 collected with Na.OH (Mor.s rt al .• 1972). 
Thc snmc procedurc was íollowcd to determine thc CO: rclcascd from (6-''Clglucose~ in this case thc frcsh 
mcdium containcd 0·3~; glucosc and (6- 1 ... Clglucosc (0·5 µCi mi-•: lN·S kDq mJ- 1 ). 

Afrasurrmrnr of radioactit'il)' incorporatC"d into .]-(1.n,glutarare fron1 ( U- 1'C).nKro.ir. Cullurcs wcrc labellccJ for 
IS min with (U· ... C]!!.ucro§c al 25 ~lCi m1- 1 in 2 mi mcdium with thc indicatcd nitrogcn sourcc and 0·06% sueros.e 
as Cal"bon sourcc. 2-011:ogluta1"ate was C:\tractcd as dcscrihed a hove. and was complctcly con verted to glutamatc 
usingO·l mi ofa 2·S% (v/..,.) solution ofbovinc livcr GDH {SO units (mg protcin)- 1 ] (Sigma: us abo\· e) und 60 mM· 
NADH in 100 mM-potassium phosphnle buffer pH 7·6. Thc Tcaction was lefl íor 40 min at room tcmpcrature and 
stof)pcd wilh 80% (v/v) ethanoL The prccipitatcd protcin was scparatcJ by ~entriíugation and thc supcrnatant. 
containing thc amino acids and oxo acids. was lyophilizcd and TCsuspendcd in 1 SO µl lithium citrate buffer 
(0-30 M-Li•. 0·053 M-citrnlc, pH 2·8H) ([Jenson Co., Reno, Ncv .• USA: product no. 1216). The amino acids wcrc 
scperatcd in an Aminco amino acid analyscr and thc fruc-tions corrcsponding lo glutamatc wer~ collcctcd and 
countcd in a liquid scintillation countcr. Radioac-tivity specifically inco,.poratcd lo 2-oxoglutaratc wa.s detcrmined 
by subtracting thc radioactivity incorporatcd into glulamate in a contTol without GDH from th;11 incorporatcd 
whcn GDH was addcd. 

Mrasurrmrnl of radioacridty incorporare,/ into lricarfx1T)'lic aciJ C)"Cle intermc-diatrsfrom (U~ 1 •C]s1 .. -ro.sr. Cultures 
werc labcllcd for IS min with (U- 14C]sucrosc at 25 ~1Ci mt- 1 in 2 mi mcdium with thc indicated nttrogen sourcc 
and 0-06% sucrosc a!i thc carbon source. Thc mycclia wcrc collected .and thc Ol"g3nic acids were cx.tractcd as 
dcscribcd ubovc. The C:\lracts containing thc orgunic acids wcre storcd al 4 "'C bcforc !!.cparation and 
quantification of thc tricarboxylic acid cyclc intcTmcdiatcs by HPLC (J. Caldcrbn and co-workers, unpublisbcd). 
The fractions corresponding to thc clution time of cach tricarboxylic ac:id cycle intcnncdiatc wcrc coUcc:tcd and 
their radioactivity was mcasurcd in a liquid scintillation countcr. 
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MftJSMl'~nwntofrudM>actiPltyUu:orpo1atnl Urto aminoacidsfrom(U-''C}suc1usr. Cultures wc:1c: labellc:d for IS min 
whh (U· .. Claucroae al 100 µCi mJ- 1 in 1 mi mcdium with thc indic•lcd nilrosc:n ~urce and 0·06Y. aucru1e u the 
carbon wurcc. The myceliu. wcrc collectcJ und thc amino acid contcnt w11s dctcnnincd as dcscribcd by H ummch &. 
Mora (1980a). Thc 111dioactivily incorpocatcd into cach amino acid was dc:tcnninc:d in a Jiquid scintillation 
countcr. 

Rrp1c>clucib1/11y of 1r.sults. Thc: cxpcnmc:nts reponed wcrc c:ai.:h rc:pcatc:d at lcast once; rcprc:scntativc: rcsults are 
shown. 

RESULTS 

G/u1u111ine .l")'nthesis and carbun nu·lubolisnr 

The experimental approach uscd to study wherher glutumine synthesis und curbon 
melubolism were coordinuteJy regulutcd con!.i!.led in inhibiting gluturnine synthcsis and 
detennining whcthcr sucrosc t:atabolism was ah.o impu.ir"ed. For this purpose wc used mutant 
strains of N. eras.so whkh hada Jow ammonium assimile.tion c&pacily. so as lo makc it casier to 
achieve a drastic inhibition of carbon and nitrogen tlows. 

The GOH- mutanl strain has a residual growth on ammonium as nitrogcn source (Fincham. 
1950) duelo thc synthcsis of glutamutc by GOGAT (Humrnclt & Mora. 1980a. b). In these 
circumstances both 2-oxoglutaratc [3:? nmol (mg prutcin,- 1 J and ammonium (Fincham, 1950). 
substrales of GDH, accumulatc intra<.:cllularly as a re!.ult of the partial block of glutamate 
synthesis. \\/hcn glycine or serine is addcd to thc: rnc:dium, thc: growth of thc GDH- mutant is 
totally arrc:!>lc:d (Fincharn, 1950). Thc:!>c amino ui..:i~<..h are inhibitor!i. of GS from scvc:rul !.Ourccs 
(Stadtrnan & Gin!.burg. 1974). Thc:y are cffcctivc inh1bitor:-. of N. cru:uu GS activity in 1.:itro ut 
low glutamute t:on<.:c:ntration!. and they abo inhibit glutamine ~ynthesl!. m L"Ívo (Hernánc.kz et al .• 
1986). Wc c""plain thc complete blockagc of growth un arnmonium of thc GOH- mutant by 
glycinc and serinc as the rc:sult oí the inhibition of glutamine synthesis in t.:ivo. We studicd thc 
rclalion between glutaminc synthcsis anJ <.:arbon <.:ataboli:-.m from sucrosc in thi!. GDH- mutant 
by inhibiting OS activity with glycine und serine und detcrmining the intn1cellular pools of 2-
oxoglutaratc. After 12 h int:ubation undcr thcsc cunditions thc intra<.:cllular pools of 2-
oxoglutan11e in thc conidia wcrc vcry Jow: 2·8 nmol (mg protcinr 1 on ammonium plus glycine 
and 2·4 nmol (1ng prutcin)- 1 on amn1onium plus ~crine. Thc::.c rcsult~ indicatc an inhibition of 
sucrosc carabolism which muy also con tribute to thc growth inhibition of thc GDH- mutant by 
glycine and serine. The inhibitory cffect oí thcsc amino acid::. on growth of conidia oí the GDH­
mutant strain was reversible. since aíter 12 h incubation on ammoniurn plus an inhibilory amino 
acid the conidia wcrc a ble to grow on ummonium as thc ~ole nitrogen source (data not shown). 
To sce whethcr thc decrca~cd 2-oxoglutaratc <.:ontcnt was spccifkally rdutcd to the inhibition of 
GS by gJycine or serine. we tried to inhibit thc growth uf thc GDH- mutunt with mc:thionine 
sulphox.irnine (MS). a specific inhibitor of OS activny (Ronzio & Mc:istcr. 1968). In this 
condition. the 2-oxoglutarate pool in thc conidia was ban:Jy detectable (0·9 nmol (mg 
proteinr 1 ]. The sume phenomenon was observed whcn growth oí the wild-typc strain on 
ammoniurn was inhibitcd wilh MS (data not ::.hown). Thcsc rcsults suggcsted that therc could be 
a direct relation betwcen glutamine synthe:-.is and :?-oxoglutarate concentration. 

The cffct:l of the inhibition of glutarninc synthesis on sucrosc: catabolism was directly tested 
by dctermining thc synthcsis of tricarboxylic acid cyclc intcrmcdiatcs o ver a short period oftjme 
following 1ransfcr oí prcviously grown mycclia of thc GDH- rnutunt to amrnunium or 
ummonium plus an inhibitor of GS (glycinc or l\.1.S) (Table 1 ). At thi::. time thcrc wus u vcry smaJl 
diffcrence in growth bctwccn cach culture and thc inlraccllular gluco::.e contcnt was similar in 
cvery condition (data not shown). The ~pecific radioactiviry oí thc: tricurboxylic ac1d cycle 
intermediares. 2-oxogJutarate. pyruvute, succinate and malate. was lower in mycelium 
incuba red on ammonium plus cither glycine or MS; the elfect was more apparent in the prescncc 
of glycine (Ta ble 1). 

These expcriments indica1e that the inhibition of glutamine synthesis prcvents sucrose 
catabolism at the lcveJ of synthesis oí thc trkarboxylic add cycle intermediares. 

'"' 
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Table l. Synthesis oftricarboxylic acid cycle inter"1ediates in vivo in the GDH- mutan/ 

Cultun=s wcrc grown for 12 h on glutumutc und thcn tn1.ni.ícrrcd to thc indica red oitrogcn S<~urcc. Thc 
c.:unccntrntiun30 usc:d wcrc 25 mM-ammunium. SO mM·glycinc and 3 mM·MS. Thc tric..,rbo"ylic u.cid 
cyclc intcrmcc.Jiutcs •ynthc5Í:.ecd in vivu wcrc quuntificd uflcr JO min incuh..tion on thc indic.11.tccJ 
nitrogcn !M>Urcc: thc cuhun:5 rccci'l>'cd u. pulse with (U-•'C}sucrose u dcscribcd in Mc1hods. Thc 
cxpcrimcnl was rcpcalcd thrcc times; rcprcscntativc rcsuhs .urc shown. 

Nitrasen 

Ammonium 
Ammonium + 

slycine 
Ammonium + 

MS 

2-0xo-
glularatc 

706 

79 

159 

Spccilic r-udioacli1"ily (c.p.m. nrnuJ- 1 ) 

Pyruvutc Succinatc 

252918 13016 

28598 3702 

115978 109JO 

ND, Not dctcctcd. 

Mala te 

419909 

ND 

130423 

Table 2. Metubolite contt.•nts in the GDH- ;GS1 rnutanr 

Conidia wcre incub.1:ned for 12 h with t.hc indiculcd nilrogcn sourccs. Thc amino Bcid conccnll'Blioru 
uscd wcre 5 mM·&lut.aminc und SO mw-gJycinc. iocrinc or lcucinc. Thc cxpcrimcnl was rcpcalcd lwicc: 
rcprcw:nlalivc rc•ulla are 11hown. 

Ammonium Mct11bolitc c.:ontcnt Inmol (mg protcin)-'J 
Orowth rclcascd 

Nitru¡¡cn (µa protcin) (µmol (mg 2-0xo-
mJ-•) protcin)- 1 ) Glutumutc GJutuminc glutu.rutc: PyruvMlc Oluc:osc 

Olutuminc 321 6 136 27 23 26 
Olu1aminc + 

glycinc 2 23 33 141 78 
Oluta.minc + 

acrinc o 16 422 3 SS 
Olutuminc + 

lcucinc 77• 152 279 15 ll 10 

ND, Not dctcctcd. 
•Thcrc was oplirnal growth, aftcr an initilll lag pha5C. 

G/utan1i11e recycling and carhon metabolism 

Glutamine is a very good nilrogcn MJurcc in N. eras.so (Vichido et al .• 1978). Howcver, mutants 
lacking sorne of thc ammonium assimilution rclatcd cnzymc activities. c.g. GOH-. 
GOGAT-;GOH-. and GDH-;GS 1 strains. have a slower growth rate and/or excrete 
ammonium inlo the mcdium whcn glutaminc is uscd as nilrogen source (Calderón et al .• 1985; 
Calderón & Mora. 1985). This phcnomcnon is explained by thc rcduccd capacily of the mutants 
to assimilatc umrnonium dcrivcd from gluturninc dcgradation. thus indicating rccycling of 
glularninc (Calderón & Mora. 19~5). 

Arrest of growth on amrnonium whcn glutaminc synlhesis was inhibitcd was to he expected; 
howcvcr. as thc inhibition of glutamine synthcsis ulso alfcctcd carbon catabolism from sucrosc 
(Table 1) this could be a sufficient condition for- thc inhibition of growth evcn with glutamine 
prcscnt. The laucr assumption was invcstigalcd wus invt:stigalcd by using the double mutant 
GDH- ;GS:t:. which has a low synthcsis of both glutamale and glutaminc. so thut maximal 
inhibition of glutaminc synthcsis by glycinc or scrinc could be achicvc:d: thcse amino acids very 
effcctively inhibit thc N. crassa GS activity in i:itru whcn glutamatc concentration is low 
(Hcmándcz et u/., 1986). 

Whcn gJutamine was thc solc nitrogcn source. the culture grcw optimally and excceted 
ammonium into thc mcdium. and thc glutaminc pool was undctcctahlc (Table 2). \Ve interpret 

11· 
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Table 3. Synthesis of tricarboxy/ic acid cycle intermediate.s in t.'ivo and Col releas~ in the 
wi/d-type and GS7:. mutant strains gr:own on gluramine 

Cuhurcs wcrc pregrown for 12 h on S mw-glutamate and thcn transfcrrcd to S mw-alutaminc. Thc 
tricarboxylic acid cyc:h: intenncdiatcs synthcsized br vi1'10 and C02 rcleased from aucro.c wcrc 
quantifted aner 30 min incubatJon on glutaminc: lhc cultures rccclvcd a pulse with (U·"C)sucro~c &A 

dcsc:ribcd in Mcthods. Thc cxpcriment waa repcatcd twice; rcprescntative resulta are ahown. 

Spccific rudiouclivil)' (c.p.m. nmol ') 

2-0xo- C02 from sucrose 
Stnain glutarate Pyruvu1c Succinate Mala te fc.p.m. (ma: protcin)· 1 J 
Wild-typc 1 798 75075 19563 3527315 23520 
os.1: mutant 96 16038 1M13 69185 9137 

thc lattcr us bcing the result of thc dcgradalion of glutamine whcn thc ce lis were grown on this 
amino ncid as nitrogen source and oí the vcry low capacity of the GDH- ;GS% mutant to 
rcassimilate nmmonia nnd to synthesize glutamine. In the presence of glutamine plus glycine or 
scrine. the growth of the GDH-; GS:. rnutant was completely abolishcd. and the non-growing 
conidia excreted more arnmoniurn in proportion lo their protein content than did the mycelium 
growing on glutarnine alonc (Table 2). Under these conditions. n decrease in intracellular 
glutamatc anda largc increasc in intracellular glutamine were observcd (Table 2). The 1ncrcase 
in glutamine was probably duc to accumulation frorn the medium after 12 h incubation in the 
absence of growth. 

In this experiment lcucinc was u sed as a control becausc it competes with glutamine uptake in 
a similar way to the inhibitory amino acids (Pall, 1969) without inhibiting GS activit) In our 
conditions, glutamine uptake was lower in the prescnce of cither glycine. serine or Jeucine than 
with glutarnine alone (data not shown). When lcucine was added to the medium together with 
glutaminc. thc GDH-;GS% rnutant wns nble to grow uftcr a Ing phuse; its excn·tion of 
ammonium wus burely detectable and it had high intraccllular pools of glutamutc and glutuminc 
(Table 2). 

When the GDH-; GS 2 mutant was incubated on glutamine plus glycinc or sen ne. thc 
intraccllular pools of pyruvatc and 2-oxoglutarate in thc inhibited conidia were vcry Jow as 
comparcd to thosc found in conidiu gcrminuting on glutuminc alone or on glutamine plu~ Jeucinc 
(Table 2). The intraccllular pools of glucosc wcrc highcr in thc inhibitcd conidia incubtitCd on 
glutaminc plus glycinc or scrinc than in those incubated on glutaminc plus lcucine or glutaminc 
alone (Table 2). This indicates that the low pools of 2-.oxoglutaratc and pyruvate found on 
glutamine plus glycine or serine (Table 2) wcre not due to thc Jack of g)ucose. /\nothcr 
observation consistcnt with 2-oxoglutaratc dcficicncy bcing rcsponsiblc for the low glutamatc 
content was the prcscnce of a high nctivity of a glycine: 2-oxoglutarntc transaminase (data not 
shown}. which could provide intracellular glutamate whenever glycine and 2-oxoglutarate wcrc 
pn:sent. 

The growth·inhibitory effect of glycine and serine on the GDH-; GS: mutant strain 
incubatcd on glutaminc was reversible. sincc the conidia wcre a ble to grow if the inhibitors werc 
removed after 12 h. 

We conclude that glutamine synthesis was requircd far growth evcn in thc presencc of this 
amino a cid as the nitrogcn source, sincc the inhibitory cffcct of glycine and serinc on growth of 
thc GDH- ;05 2 mutant corrclatcd with a dcficiency of pyruvale. 2-oxoglutí.tratc í.tnd glutamate. 
and not with glutamine limitation (Table 2). 

Thc data presented in Table 2 lead us to propase that glutamine synthesis. rather than a 
particular absolutc glutnmine contcnt. is necessary for optima) utilization of the carbon source, 
and that glutamine cycling is a nccessary condition far growth e ven in the prcsence of glutaminc. 
To obtain further support far this proposition. we mcasurcd sucrose catabolism in the prescnce 
ofglutaminc in thc wild-type strain as compared to the GS:t: mutant. which has a single mutation· 
that altees the structurc of thc GSP polypeptide (Dávila et al .• 1983). has u 20-fold Jower OS 
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Fi11. l. Growth and amino acid pools oí thc GS t mutant. Thc culture was arown for 12 h on 5 mw­
alutamatc and thcn thc mycclium waa wuahcd and dividcd into two cuhurcs. Onc cuhurc (open 
aymbola) was tranafcrred to 5 mM~lutaminc. •t time O. Thc othcr culture (ftllcd aymbols) waa first 
lncubated for 1 h Jn a mcdlum without a nltrogcn sourcc and whh 0·3 mM-MS. thcn ""ashed and 
tranafcrred to 5 mM·alutaminc. 0. e, Orowth: 6, • .A,. intncc11ular alutama1c; 0. •• intraccllular 
glutaminc. Thc Cllperimcnt waa rcpeatcd at lcast thrcc times; rcprcscnuuivc n:ault• are 11hown. 

activity than thc wild·type and is able to grow on glutamate at 37 ºC (DUvila et al., 1978). The 
synthesis of tricarboxylic acid cycle intcrmediates in rivo and thc C01 rclcascd from sucrosc 
wcrc measurcd 30 min uftcr transfer of prcviously grown mycclia of the two strains from 
glutamate to glutarninc as thc nitrogcn soun.:c. wherc thcir growth rule was similur. Thc specific 
radioactivity of2-oxoglutaratc. pyruvatc. succinutc and mulale was highcr in thc wihJ·typc than 
in the GS:t rnutant strain whcn grown on glutarninc (Table 3). In addition. thc C01 rcleased 
frorn [U- 1"C]sucrose was lowcr in thc GS :t lnutant. whose !'.)'nthcsis of glutarninc i~ lowcr. This 
cffect was not dueto a dilution ofthc labcl by glucose accurnulation, sincc the total 1ntraccllular 
glucose content was 3·6-fold higher in the wild·type than in the GS :t mutan t. The synthesis of 
glutamate was similar in both strains (data not shown). '-Ve proposc that when glutaminc 
synthesis is Iower dueto the partial block on GS activity in the as::: mutant str.iin. carbon 
catabolism is impaired at thc levcl of the synthesis of intenncdiates of the tricarboxylic acid 
cycJe9 .-eflected in a diminution of C02 rcleased from sucrose (Table 3). 

This proposal was further tested under conditions of maximal inhibition of GS activity. This 
was achieved by adding MS to the GS:t mutant. thus reducing thc GS activity 150-fold as 
compared to that in the wild·type strain. Since MS is an irreversible inhibitor of GS (Ronzio & 
Meister. 1968). thc GS activity was still inhibited 2 h after rcmoval of the inhibitor (Table 4); 
activity was regained after 4 has a result of enzymc synthesis (data not shown). The rcsults of 
these cxperiments are shown in Fig. 1 and Table 4. In the prcscncc of MS. no glutnmine pool ·was 
dctccted und thc glutamate pool incrcased (Fig. 1). When this culture was shifted to gJutaminc. it 

l"i 
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Tuble 4. GS activity. sy111hesis of g/utun1i11e. glutu1t1ute u1u/ 2-uxugluturutc in vivu and C02 
releas~ frun1 glucuse in rhe <?Sz. .-.·rruin 

Aítcr 12 h growth on S mw·slutumu.tc thc cuUurc was washcd und trunsfcrrcd to S mM·glutaminc for 2 h 
(a) Or to O·S mM·MS for 1 h followcd by waahing and tranafcr to 5 mw-glutaminc for 2 h (h). Ali thc 
parumctcrs shown wcrc mc.u.surcd aftcr 2 h growth on glutuminc. Thc cxpcrimcnt W•S rcpcatcd al lcast 
thrcc times; rcprcscntativc rcsulls urc s.hown. 

Condi&ion 
(u) Gin 
(b) MS-Gln 

GS apccific Glutuminc Glutuomtc 
activi1y frum sucru:.c• frorn JoucruJ>c• 

(U (m& protcinr 1 J (c.p.m. µmo1- 1 J (c.p.m. µmoJ- 1 J 
0·0030 1225 S6SO 
0·0004 163 3132 

2-0~ugluturutc frum 
J>ucruJoC• {c.p.m. 
(m& protcinJ- 1 J 

2124 
325 

• Thc cultures re1:civcd u pulJ>C of (U-',..CJsucrosc. 
t Diffcrcnt cultures rcceivcd a pulse of (6- 1,..C}glucosc. 

col' from 
gluco:w=t (c.p.m. 
(m1 protcínr 1 J 

4593 
1652 

hud un initiul lag phase that was íolluwcd by a slowcr growth despitc ili. high glulamalc content 
und sizcubJc glu1an1inc pool (Fig. 1) as comparcd to thc non·inhibitcd culture. Although the 
glutumine content was onJy 2·íold lowcr in thc inhibitcd culture (Fig. 1) the glutamine synthesis 
varied 7·5·fold. We measurcd the carbon catabolism ofsucrosc after the shift lo glutamine. The 
amount of C02 rclcased írom [6- 1"C}glucose was lower whcn thc GS was inhibited and a 
correlulion with a dccreasc in 2·oxoglutaratc synthcsis from sucrosc was also apparent (Table 4). 
This was supported by the lower glutamate synthesis observed when GS was inhibited (Table 4). 

OISCUSSION 

In this work wc cxplorcd thc rclation bctwccn clutaminc synthc::sis and ~arbon cutabolism 
from sucrose. By using mutant strains(GoH-. GS:!: and the doublc mutunt GDH- ;GS:!:) wilh a 
reduccd ubility lo assimilutc ammonium through glutamatc. and gJutamine and/or OS 
inhibitor.;. nitrogen and carbon mctubolism wcrc both blockcd. 

Whcn myccliu111 uf thc GOi 1- 111utant was im;ubatc<l un ammunium plus un inhibitor of GS. 
sucrosc cutabolism dccrcascd as shown by a lowcr synthesis oí several lricarboxylic acid 
cyclc intcrmcdiates (Table 1 ). This effect was observed ¡sÍler a short period of time during which 
growth was nol affccted. Since both glycine. which inhibits GS activity (Stadtman & Ginsburg. 
1979; Hcrnández et al .• 1986). and MS. which is a spccific OS inhibitor (Ronzio & Meistcr. 
1968). gave the same cffect (Table 1) wc propose that thc diminution in carbon calabolism was 
an effecl spccifically related to lhe inhibition of glutamine synthcsis. 

A rclevanl finding wus that the inhibition of glutamine synthesis wus suUicient to inhibit 
growlh e ven in thc presence oí glutamine. Wc obscrved that with thc GDl·f- ~ GS :t mutant on 
glutarninc plus a GS inhibitory u.mino acid. growth wus complctcly urrcstcd und the intrucclluJur 
lcvcls of 2-oxoglutaratc and pyruvute wcrc Jow (Table 2). On gluturninc plus lcucinc, nota OS 
inhibitor. lhere was a minor effccl on thc content oí tricarboxylic acid cyclc intermediates 
(Table 2). This can be cxplaincd by thc lag phase lhat precedes growth under thl!se conditions. 
and may also explain thc glutaminc accumuJation (Table 2). In uddition. the presence of the 
inhibitors was nol essential since an impairment oí sucrose catabolism was also observed io 
mycelia of u partial glulamine auxotroph (GS.r;) growing on glutamine as the sale nitrogen 
source (Table J). 

Thc cfTcct of inhibiting glutaminc synthesis was furthcr cnhanccd whcn MS. un inhibitor of 
GS activity. was added to thc GS~ mutunt in thc presence of glutuminc (Table 4. Fig. 1). Undcr 
thcse conditions a higher inhibition ofGS activity was observed. with u conscqucnt decrcuse in 
synthcsis of glutamine. glutamate. and 2-oxogluturate from succose and CO.:: release from [6-
'"'C)glucose (Table 4). The outcome wus a low growth ralc in the prescncc of a sizcablc 
intraccllular glulamine pool (Fig. J). 

Thcsc dala thus support ourconclusion lhal gcowth inhibition is not due 10 a lack of glutamine. 
con len l. We ha ve reparlcd (Hernández et al .• 1986) lhat whcn growth and GS were inhibilcd by 
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glycinc in the GS .1 mutant in thc prcsencc of glutamutc, thc synthesis of glutaminc in r:it:o was 
100-fold lowcr while thc ubsolutc glutamine content was only 2-fold lower as comparcd to thc 
culture growing on glutamatc. -

Thc data pn:scnted in this work indicute that in N. cra.s.sa therc is coordinatcd rcgulation of 
carbon and nitrogen sourcc utilization. i.e. whcn nitr-ogcn assimilation was blocked through thc 
inhibition of glutamine synthcsis. carbon catabolism from sucrose dccrcascd. This may cxplain 
thc ncccssity for glutaminc cycling (Caldcl"Ón el al., 1985; Calderón & Mora, 1985). Thc drain of 
ATP through glutmninc synthcsis und thc rcgulation of carbon mctaboli~m by cncrgy chargc 
could be considcrcd us u point of intcruction in thc coordinatcd rcgulution of carbon and 
nitrogcn mctabolism. An obscrvation consistcnt with this proposition was that in N. cra.s.sa thc 
intracctlulur concentrations of ATP wcrc raiscd whcn glutaminc synthcsis was inhibitcd (G. 
Hernándcz und co-workcrs, unpublishcd). lt has bccn rcportcd (Wohlhuctcr el al .• 1973) that 
whcn ammonium is addc:d toan ammonium-limitcd culture of E.sclu..>rlchia col/ there is a burst of 
glutaminc: synthcsis which imposcs a drastic drain on ATP; the uccumulatcd glutaminc 
activutcs thc cnzymcs for GS inactivation by adcnylylation and thus thc ATP pool is 
rcplcnishcd. Thcse data suggest that the mnount of ATP spcnt in gluturninc: synthesis may be 
important to the cell. Thc control of glycolysis and rcspiration by energy chargc is wcll 
documcnted (Atkinson, 1977). Wc propase that whenever glutamine synthcsis is blocked thc 
cncrgy status of thc cell improvcs with thc conscqucnt inhibition of carbon catabolism. This 
coordinatcd regulatory rncchanism could allow thc cell to a void thc accumulation of carbon 
skcletons when synthesis of the universal nitrogen donors is blocked. 

Wc u.re graleful lo Jorge Calderón. Rafael Palacios and Lorenzo Scgovia for criticully reviewing the manus.cripl 
and to Gi5oela Du Ponl and f\.1arlha Albores for technical assi.stance. This work was supponed in part by a grant 
from Con&Cjo Nacional de Ciencia y Tecnología {CONACyT) MCxico. 
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A glycinc-rcsistant Ncurospora crassa mutant (am-132 :gly'}. dcrivcd from the 0111·132 mutant. 
was isolated and characterizcd. [am-132 itsclf has a dcletion in thc structural gene for NADP­
dcpcndcnt glutamatc dchydrogcnase (GDH).] This ncw mutation also conferred rcsistance to 
scrinc and methionine sulphoximine (MS). which are inhibitors of glutaminc synthetasc (GS). 
In addition., thc mulant obtained grew bcttcr on ammonium than the am-132 parental strain. 
Resistancc to glycinc was not duc to increased synthesis of glutamine by an altercd or induccd 
GS. nor to incrcnscd glutnmntc synthcsis by induction of thc catnbolic NAO-dcpcndcnt GDH. 
nor to NADH-dcpcndcnt glutumatc synthusc (GOGAT). which was as scnsitivc to inhibitors as 
thc GOGAT from thc parental strain. Thc glycinc·resistancc mutation lowcred but did not 
obolish thc cnrbon fiow; this rcsultcd in u lowcr contcnt of tcicarboxylic acid cyclc 
intcrmedintcs. GOGAT activity w.as inhibitcd in vitru by scvcrul organic acids and mcthioninc 
sulphone (MSF). Thc highcr growth ratc of thc glycinc-resistant mutant on ummonium or on 
nmmonium plus glycinc. serine or MS was cxplnincd by an increased capacity of GOGA T to 
synthesize glutamatc in viL'O duc to a lower contcnt of inhibitory tricarboxylic acid cyclc 
intcrmcdiates; the highcr glutamatc contcnt overcomcs the cffect of thc GS inhibitors and 
cxplains thc MSF resistancc of thc mutant. 

lNTRODUCTJON 
Thc rcgulation of nitrogcn mctabolism in Ncurospora crassu has bccn invcstigatcd previously 

(Hummclt & Mora. 1980a. b: Hcrnándczeta/., 1983~ Lara el al .• 1982; Vichido eta/ .• 1978). The 
growth on ammonium of a N. crassa mutant that lacks NADP·depcndcnt glutamate 
dchydrogenasc (GDH) (EC 1.4. I.4) is inhibited by the amino acids glycine and serine 
(Finchnm. 1950). This is duc to thc inhibition of glutaminc synthctasc (GS) (EC 6.3. l .2) which 
results in the diminution of the carbon fiow (Hernándcz. cr al .• 1986). Whcn nitrogcn 
assimilation is blockcd by inhibition of glutaminc synthcsis, carbon c•nabolism from sucrose 
decreascs (Hcrnández & fV1ora. 1986). We proposcd that thc drain of ATP through glutaminc 
synthesis and the rcgulation of carbon metabolisrn by the encrgy chargc could be considered as a 
point of intcraction in the coordinated rcgulation of carbon and nitrogen metabolism. 

On this basis. wc now rcport the isolation and characterization of a glycinc-resistant (g/y'} 
mutant strain of N. crassa. that has altered carbon and nitrogcn flows. 

METHODS 
Straln. Thc N~uroJpora c:raSJa wild-typc slniin 74A was from thc Fung11I Gcnctics Stock Ccntcr (Humboldt Statc 

Univcrsity Foundation, Arcnta, Calir.. USA). Thc mutant strain a171-J.J2a, which has a dclction in thc: NADP­
dc:pcndcnt GDH structurul gene (Kinscy & Hung, 1981). wus kindly providcd by J. A. Kinscy, Dcpartmcnl oí 
Microbiology, Univcrsity oí Kansas Mcdical Center, Kansas 66103, USA. 

Abbrrviatloru: GDH. glutamate dchydrogenase; GOGAT. glutamatc synthasc; GS, glutaminc synthetasc; ?dS. 
mcthioninc aulphoximinc; MSF, mcthioninc sulphonc. 
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GroM"lh("Onditlons. Butch cullurcs uf .v. Cf'as.ra wcrc grown al 37 "Con Vogcl"s minimal mcdium (NJ (Vogcl. 1964) 
containin¡t l ·.S~~ (w/v) sucrosc. Othcr nilrogcn s.ourccs uscJ in :1d<lition to ummonium nilralc are suncd In the ICxt. 
Growth was mcasurcd as lotal p.-otcin (úclcrmincJ by thc Lówry mcthod) as dcs1,;rihed prcviou'i.ly (Lana ,-1 al .• 
198:!; Vichido l"I uf .• 1<>7K) 

AlutagrnesisunJ mutunt s...J.-c1Ü)ff. A conidial suspcn,.ion of i.train tll71·13 .... u ""ª!l. prcparcd und udjustcd to 4 x I~ 
conidia ml- 1 in stcrik water. A s.amplcofthcsuspcn!i.ion (5 mi) was pla1;cd in a Petra dish and c:11.poscd lodircct UV 
radialion for 60 s. Aftcr thc mut:.tgcnic trc<1tmcnt. O·:'.! mi t1f lhc !'l.uspcn .. iun wcrc pl;llcd on N agar mcdium (Vogcl. 
1964) supplcmcnaeJ wiah glucus.c anJ íru<:lus.c (0·05';"~. w/v. ca<;h), 2';~ (w,'v) ~)rbo .. c anJ 25 mM·Bl)'cinc. Plr.tcs 
wcrc incuba1cd in thc dark ni 29 .. C until colonic"' uppcnrcd (2 to 7 d). und thcn tran .. fcncd to slnnts oí N asar 
mcdium s.upplcmcntcd with 1·5'% (w/v) sucrosc, and 25 mM-glycinc. Crosscs wcrc madc 1n Com mcal agar 
(34 g 1- 1 ) (Oifco). Spot tcsting anJ progcny analysii. werc done ;as Jei...:rih.:J tiy o ..... ¡,. & Oc Scrrcs (1970). 

D~t~rminution of t•n:ynit• octil"itú·s. Thii. was done in ccll·írcc C:\tracls oí .V croua prcparcd as dcscribcd 
previousl)' (Lar.1 r! uf.. 198:!:; Vichi<lo •'' .i/., 1978). GS activity was mca.-;ure<l as <lcscribcJ by Fcrguson & Sims 
(1974). NAD-JcpenJent GDll (EC 1.3.1 .::!) w.is mea su red as <le.-;cribe<l by Fincham ( 1957). NADH·linkcd 
glutamatc synthasc (GOGAT) (EC 1.4.1.14) wat. mea1urcd b)· following NADH o:\idation ns dc~ribcd by 
Hummclt & ll.1ora (1980a). Enzymc nctivitic:s are eJ1.prcncd as units {mg protcin)- 1 • Onc unit is the nmount of 
activity that trO!.nsfornn 1 µmol substrutc min- 1 • 

In thc c11.periment~ whcrc GOGl\T 011.:livity w.1 .. 1nhih11cd 1n ruru. 1hc en;ymc v.as puraficd us dcscribcd by 
Uummelt & ~1ora (l 1>XO/>). C•a:cpt lh.1t thc DFAF •.:olumn w.1-. c4ull1hr.11c:d v..1th 005 'l·f'hoo;.phatc buffcf'. A 14-
íold purificd prcparation w;is obtaincd. Thc fin;il concentr.ition of lhc org:an1c .aci<ls. "ªs. 1 O mM an<l the solutions 
wcrc adjustcd lo pll 8·6 with l M-KOH. 

Df!'tf!'rmination cif amino udds. S:::i.mplcs for ;imino acid analy.-;i<> wcrc prcparcd by homogcnizing cells with 80% 
(v/v) cthanol (t-lummell & 1'-fora, 1980u). The amino acid.,,, wcrc i.epar.1ted b)' u .. íng .an ,.'\mmco amino acid 
analy5er, and aflcr bcing coupled with orthophthalaldch)'dc (Sigmu) were quan1ificd in un Aminco ratio 
ftuorimcter. 

Drlf!'rminution11f1ricurbcJ'Jlic uci.! CJTl1• intern1c•Ji<1t.'.f. ?i.1ycehal or t:onidi~1l .-;ample-....., ere collcctcd on mcmbranc 
filtcn (Milliporc typc HA. 0·45 11m) ;1nd washcd with di .. 111lcd walcr. Org;1nic ;1cid .. wcrc c11.tracrcd by 
rcsuspcn<ling the i.amplc" in O·C. M-11C:IU4 01nd n..:u1r;1li.11ng w1th 2 o 'f-K JPO ... thc)- .... ere then <letcrmincd in thc 
clcar supcmatanl aílcr ccntrifugation. Thc e.11.tracts '"'••ere storcd al 4 ne befare thc dctcrminations wcrc done. 
2-0xoglut.aratc was determined by mcasuring thc initial ratc ofchangc in A 140 using bovinc GDH. A samplc ofthc 
cxlrael was incubatcd at room tempcraturc with 30 mM•ammonium sulphale, O·I mM•NADH and 0·01 mi 2·5" 
(v/v) bovinc lh·cr GDJI [50 units (mg protcin>- 1 } (Sigma no. G::'.!626) in l mi final volume 100 m.'4-potassium 
phosphatc buffer, pH 7·6. 

Thc other tricarboJ1.ylic acid cycle intermed1atcs wcre sep:lr;Hed and qu;intified tiy HPLC [mcthod of J. 
Calderón (unpubhshcJ)J. 

ReprmJucihi/it;· ,~f rl''íu/rs. Thc c'pcrimcnts reporte...! , .. i:ri: i:.1d1 ri:pc.11c-d .it lc.Jsl unce-: rcprcsen1a1i .. ·c rcsulls are 
shown. 

RESt.:LTS 

Ge1a•1ic and ph,•tWIJpic ana/_l·si.'> 

Thc am-132 mutant has a dcletion in thc NADP-dcpcndcnt GDH structural gene (GDH-) 
(Kinsey & Hung, 1981) and is umlblc to grow on :unrnonium plus glycine (Fig. 1) or serinc. likc 
other mutant strains which havc a point mut:ition in thc structurul gene of this enzyme 
(Fincham. 1950; Bren 1.•t al .• 1976). Thc urn-13: rnutant " ... as used as thc parental strain far 
mut.:J.nt sclection. Onc of thc am-132 glycinc-rcsistant ():/y,.) mutants isolatcd was crossed with 
the wild-typc strain 74A. Onc um-132 :g/J:' mutant obtaincd from this cross was backcrossed 
again with thc wild-typc strain and thc progcny wcre analysed: 57% wcrc wild-type. 24% ani-
1.32 and 19% am-132 ;gly ... Thcse rcsults indicatcd th:tt the g/y' mutation scgregated as a 
monogenic muwtion. Thc work we rcporl hcrc was done with a GDH- atn-132 ;g/y' double 
mutant obtaincd from thc lattcr cross. 

Fig. 1 shows thc growth of thc um-132 :1:/y' mutant on ammonium plus glycinc compared to 
thc am-132 single mutan t. which is una ble to grow on this nitrogcn sourcc (Fincham, 1950). and 
the wild·typc slraín. which h:1d a highcr growth ratc. Uncxpcctcdly. thc growth ratc of thc am-
132 ;g/y'mutant on :1mmonium was highcr th;1n that ofthc GDH- strain (Fig. l). but lowcrthan 
that ofthe wild-typc strain. This samc phcnorncnon was obscrvcd whcn thc cultures wcre grown 
al 25 ºC (da tu not shown). whcn lhc growth ralc on ammonium of thc GDH- mutant strain (a111) 
is considerably lowcr (f-lummclt & Mor;1. 1980h) than at 37 ºC (Fig. 1 ). In addition. this new 
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Fig. 1. Growth oflhcam-132 ;gly .. <•. O)anJ um-132(.A, 6J mutants and thc wild-lype slrain C•. 0) 
of N. cras.sa on ammonium Ce.¿, •> ur ammonium + 50 mM·glycinc (Q, b._, 0). Thc cxperimcnl was 
done four times; rcsults from a rcprcscntativc cxpcrimcnt are shown. 
Fig. 2. Jntraccllular contcnl of 2-oxoglutarate ofthc lJni-132 ;gly ce. Q) and am-1.12 (¿, .6) mutanu 
and the wild·type strain <•· 0) of N. crassa grown on ommonium ce . .A.•> or ammonium +50 m.u­
glycinc (Q, 6,, 0). The experiment was done thrcc times; rcprescntative rcsulcs are shown. 

Fig. 3. Jnhibition ur t:it'V of growth of thc am-13..? :gly" and am-13: mutants by 1\-tSF. Conidia ~ere 
prcgcnninatcd for 10 h in minimal mcdium at 37 ºC wilh agitation; 1'.fSF was then addcd to cach 
culture. e.• . .&.. Y.am-13..? ;gly .. mut;.int; O. L::.. '7,unr-/3..?mutant. e. O. 1'.finimo.l mcdium without 
MSF; .6. &. 0·01 mM•MSF; •· 0·05 mM-1'.fSF; Y. V'. O·I mM·MSF. The experimcnt was done twicc; 
rcprcscntativc rcsults are shown. 
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mutation also confccrcd rcsistancc to scrinc and to mcthioninc su!phuxim1nc (l\1SJ (dala not 
shown). a specific GS inhibilor (Ronzio & Mcistcr, 1968). 

Acth·ilies ofanuno11iu111-a.l·sir11i/u1io11 en=yntt>s in rhc: uni-132 ;g/;·r llllllallt 

We rcportcd previously the isolation ofa glycinc-scnsitivc rnutant that rnaps in the structuraJ 
gene of GS and has an altcrcd and inactive fJ polypcptide in its GS (Hernández et uf., 1986). 
However. thc am-132 ;g/yr mutant has u wild-typc GS as indicated by the ,.\f, and isoelectric 
point of its a and {J GS monomcrs (data not shown). As rncntioncd befare. thc g/y" mutation 
scgregated independcntly frorn the am-132 mutation, which indica tes thal this ncw rnutution did 
not map in thc structural gene of GS sincc the an1 and g/11 loci both map in thc VR chromosomc 
and are closely linked (Sober, 1970). 

GS activity was not considcrubly incrcased in thc ani-132 ;g/yr mutunt compurcd to the an1-
l.J2 strain, cithcr whcn grown on ummonium or on ammonium plus glyc.:inc (Table J ). High GS 
activity was not rcsponsiblc for growth on glycinc as the uni-132 mutant had highcr GS activity 
(Table 1) and was unable togrow on ammonium plus glycine (Fig. J). The in t!llro activityofthe 
GS from the am-132 ;g/yr mutant was inhibited by glycine in a similar manner to the OS from 
the an1-J32 mutant (data not shown). 
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Table l. EnzynJe activities i11 the am-132 a11d am-132 ;gly' n1utants 

Enzymc activhica (unit.a) wcrc dctcnnincd uflcc 12 h incubulion on thc nitTuacn sourc;:cs indicatcd. Thc 
cxpcrimcnt wu done twicc; reprc&entativc rcsults are shown. · 

Strain 

al'n9/.J2 

anr-J.J2;gly" 

Nitrogcn sourcc os• GOGAT NAD-dcpcndcnt GDH 

Arnmonium 0-029 0·008 0·001 
Ammonium + SO mM-glycinc 0·116 0·004 0·001 
Ammonium 0·032 0-010 0·002 
Ammonium + 50 mM-glycinc 0·052 0·009 0·001 

• GS activity wa.s dctcrn'lincd by thc synthct.a.sc aüay. 

Table 2. lnhibilion ofGOGAT aclivity in vitro b>' A/SF in the am-132 ;g/y' and am-132 niutants 

Tbc cxpc.-imcnt was rcpcatcd twice: rcprc5enlativc rcsult.s are shown. 

Pcrccnugc inhibition 

MSF concn (mM) am-132 am-J.J2:g/J" 

O·OS 60 67 
0·20 74 80 
0·40 100 100 

Thc residual growth of thc uni-132 mutant or othcr ani mutants on ammonium is duc to thc 
prcscncc ofGOGAT (Hummclt & Mora, 1980a, b). lt has also been shown that GOGAT does 
not completcly rcplncc NADP-depcndent GDH in cultures wilh an cxccss ofammonium as thc 
nitrogen source. (Hummelt & Mora, 1980a, b). 

The GOGAT nctivity of.the am-132 ;gly' rnutant was similar to that of the arn-132 mutant 
(Table 1). So, glycine-resistance cannot be explained by higher induction of GOGAT thus 
compensating for GS inhibition by glycinc, which depends on glutamate concentrntion 
(Hcmándcz et al .• 1986). 

Methioninc sulphone (Z...1SF) is a very potent inhibitor of GOGAT from Saccharomyces 
cerevisiae (Masters & Meistcr, 1982). We found that 0·4 mM-MSF complctely inhibitcd 
GOGA T nctivity in a dialysed cell cx.truct of thc am-132 mutant grown on ammoniurn (Table 2). 
GOGAT from the arn-132 ;gly' mutant was also inhibitcd In v/1ro by MSF (Table 2), which 
suggests that thc glycine-rcsistancc mutation does not rcsult in n structural altcration of 
GOGAT. 

A Saccharomyces cerevi.siae mutant that lacks biosynthetic NADP-depcndcnt GDH activity 
was rcported to rcgain its ability to grow optimally on ammonium whcn its catabolic NAD­
dcpcndcnt GDH was induced to vcry high lcvels (Grenson et al., 1974). This was not thc case for 
thc N. crassa glycine-rcsistant mutant since the catabolic NAD·dependent GOH activity was · 
very low in the ani-132 ;g/y"' mutant as well as in the ain-132 strain (Table 1). · 

Afetabolic ana/ysi.s of the am-132 ;g/y' n1u1ant 

lf thc gly' mutation could havc an cfTcct on thc utilization and/or flow of thc carbon sourcc, 
this could result in incrcascd glutamate synthcsis. Thc GDH- mutant did not nccumulate 2· 
oxoglutarate when incubatcd with ammonium plus glycine (Fig. 2) and thc 2-oxoglutarnte pools 
of thc am-132 ;gly' double mutant grown on this nitrogcn source were slightly but significantly 
highcr (Fig. 2). In the ain-132 mutant the pyruvate and succinate contents were highcr on 
ammoniurn than on ammonium plus glycine as thc nitrogen source (Table 3). In the ani-132 ;g/y' 
doublc mutant the intracellular pools of pyruvate and succinatc were similar in the two growth 
conditions. and thcy werc lower than in the am-132 single mutant (Table 3). 
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Table J. MetalKJ/ite contents of the oni-JJ2 and an1-JJ2 ;g/y n1utants 

Mctabolilc contenta (µmol (mg protein)- 1 ) wcrc dctcrmined nflcr 12 h JncubatJon on thc nittoacn 
aourccs indicntcd. The e:.;pcrirncnt wa.s done cwicc; rcprcscntacivc rcsuhs a.re shown. ND. Not detccted. 

Sttain Nitrogcn source Pyruvate Succinatc Glycine GJutamate Glutamine AJaninc 

onr-J~2 Ammonium 0·377 1·338 0·036 0-092 0-23S 0-1$4 
Ammonium+ 0·219 0.881 2·570 0·029 0-001 

SO mM·glycine 
am-JJ2 ;g/y' Ammonium 0·157 0·593 0·056 0·057 0-185 0-093 

Ammonium+ 0·134 0·632 1·015 O·OOS 0·112 0-007 
SO mw-gJycine 

We concJude that the arn-132 mutnnl accumulated severa! tricnrboxyJic acid cycJc 
inlermed1ates dueto the blockage in glutamate synthesis by NADP-dependent GDH; in thc 
prcscncc of glycinc this accumulation did not occur (Fig. 2; Table 3). which may jndicatc that 
the carbon tlow stops in thc Jatlcr condition. ln thc an1-JJ2 ;g/yr doubJc mutant grown on 
ammonium. there was a Jow content oftricarboxylic acid cycJe intermediares (Fig. 2; Table 3), 
which suggests a decrease in carbon flow; when glycinc was added thc Jower content of 
tricarboxyJic acid cycJe intermediares (Fig. 2; Table J) suggested lhat the carbon flow was onJy 
sJighlly dccrcascd as comparcd to thc formcr condition. Thc con tenis of 2-oxoglutarate (Fjg. 2), 
and pyruvate and succinate (Table 3). in the am-1.32 ;g/y' doubJe mutunt werc closely similar to 
those of the wild-typc strain (Fig. 2). Thc glycine-resistance mutatjon was not related to the 
transport of glycine in to the ccIJ since gJycine ws accumulated by the arn-1.32 ;g/y" mutant grown 
on ammonium plus glycinc (Table 3). 

A correlation betwcen the contcnt oí tricarboxylic acid cycJc intermcdiatcs and amino acids 
wasobserved as expected. Theam·/32 mutunt contained no detectuble glutamate and hnd a very 
Jow nlanine and glutamate content on ammonium plus glycine (Tu ble 3) where its growth was 
abolished (Fig. 1). whHe thc ani-132 ;g/yr doublc mutant hada dctcctubJc glutamate pool (Table 
3) and its content of aJanine and gJutamine increased scveral-fold when grown thus. 

From thesc data wc concludc that the am-JJ2 ;g/yr mutant synthesizes more gJutamate, 
aJanine and gJutamine. which is rclatcd to Hs higher capacity to grow on ammonium with or 
without glycine. and pcrhaps to a rcduced carbon Oow. 

Curiously. thc amino acid pooJs wcrc highcr in thc ani-132 mutunt than in the ª'n-132;g/y' 
double mulant when grown on ammonium alonc (Table 3). Howevcr. thc data shown in Table 3 
represent the total metabolic pools accumulated uftcr J 2 h incubation on the media indjcated. 
and not the nitrogen and carbon flows of this mutant strain, a rcsult which is discussed bcJow. 

Rc~gularion ofGOGAT ucrii:iry b;• organic ucids 

From the experimental dalu shown. it appcars that dueto the blockage in the an1-JJ2 mutant 
the intraceJJuJar contcnt ofscvcral tdcarboxylic acid cycJe intcrmcdiates incrcases, nnd this, in 
tum. Jowers thc capacity of this mutant to synthesize glutamate. We testcd ií the Jatter effcct 
couJd be duc to the inhibition of GOGAT by organic acids. Wc dctcnnincd thc perccntage 
inhibition of GOGAT activity in a partial purified cnzyme preparar ion of the an1-JJ2 mutant 
grown on ammonium in the presenceofditfcrent concentrations ofscveral organic acids that are 
tricarboxyUc acid cycJe intenncdiates. or the oxoacids ofgJycine or serine (Table 4). GJycine did 
not inhibii N. eras.so GOGAT activily in vitro (data not shown). 

GOGAT from thc an1-IJ2 ;g/y" mulant was inhibitcd by organic acids in a similar manner to 
the GOGA T from the am-JJ2 mutant (data not shown). This supports our proposirion that the 
g)ycinc-rcsistancc mutation is nol duc to a structural mutation in GOGAT, which could give a 
more resistant enzymc. GJycine resistance couJd rather be related to an incrcased capacity of 
GOGAT to synthesize gJutamale in vivo in the an1-J..J2 ~·g/)" rnutant duc to a Jowcr conccntrat.ion 
oftricarboxyJic acid cycJc intermedia tes (Fig. 2; Table 3) that are inhibitors of GOGAT activiry 
(Table 4). 
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Table 3. Metabolite conreuts of rhe ain-132 and ani-132 ;g/y' niuranl.$ 

Mc&.Abolitc content• (µmol (mg prolcin)- 1 ) wcrc dctennincd after 12 h incubatlon on thc nltroacn 
sourccs indicntcd. The ex.pcriment wiu done twice; reprea.cntativc rcsults are shown. ND. Not detcc:tcd. 

Strain Nitrogcn 50urce Pyruvatc Succinate Glycine GlutAmate Olutamine Alaninc 

ant-132 Ammonium 0-377 1·338 0·036 0-092 t>235 1>-154 
Ammonium+ 0·219 0·881 2·570 ND 0-029 0-001 

50 mM-glycinc 
01tt-l32 ;g/y' Ammonium 0-157 0·593 0·056 0-057 0·185 G-093 

Ammonium+ 0·134 0·632 1-015 0·005 0-112 0-007 
50 mM-glycine 

Wc concludc that the am-132 mutant accumulatcd sevcral tricarboxylic acid cyclc 
intcrmcdiatcs duc to the blockagc in glutamate synthcsis by NADP-dcpcndcnt GDH; in thc 
prescncc of glycine this accumulution did not occur (Fig. 2; Table 3). which may indica te that 
thc carbon fiow stops in the lallc:r condition. In thc ani-132 :gly' doublc mutant grown on 
ammonium. thcre was a low content of tricarboxylic acid cycle intermedia tes (Fig. 2; Table 3). 
which suggcsts a dccreasc in carbon fiow; when glycine was added the lower contcnt of 
tricnrboxylic a.cid cycle intennediatcs (Fig. 2: Table 3) suggested that the car bon flow was only 
slightly dccrcascd as con1parcd to thc fonncr condition. Thc contcnts of2-oxoglutaratc (Fig. 2). 
and pyruvate and succinatc (Table 3). in thc am-132 :g/y' doublc mut.ant werc closely similar to 
thosc of thc wild-typc strain (Fig. 2}. Thc glycine-resistance mutation was not rclated to the 
transpon of glycine in to the ccll since glycinc ws accumulatcd by the am-132 ;g/y'mutant grown 
on nmmonium plus glycinc (To.ble 3). 

A correlation bctwccn thc contcnt of tricarboxylic acid cycle intermediatcs and amino acids 
was observed as expcctcd. Thc am-132 mutunt containcd no detectable glutamate and hada very 
low alanine nnd glutamate contcnt on ammonium plus glycinc (Table 3) wherc its growth was 
abolishcd (Fig. 1) 0 while the ani-132 ;g/y' doublc mutant hada detectable glutamate pool (Table 
3} and its content of aluninc and glutnminc increased several-fold when grown thus. 

From thesc data we concludc thnt the am-132 :g/y' mutant synthcsizcs more glutamatc. 
alaninc and glutamine. which is rclatcd to its highcr capacity to grow on ammonium with or 
without glycinc. and pcrhaps to a rc<luccd carbon flow. 

Curiously. the amino acid pools werc highcr in thc am-132 mutanl lhan in the am-132 ;g/y' 
double mutant when grown on ammonium alonc (Table 3). Howcvcr, thc data shown in Table 3 
rcpresent the total mctabolic pools accumuh1tcd aftcr 12 h incubation on the media indicated. 
and not thc nitrogen and carbon flows of this mutant strain. a rcsult which is discussed below. 

Regululivn ofGOGA.T aclit.·ity b}' vrganic acids 
From thc experimental data shown. it appears that dueto thc blockagc in the am-132 rnutanl 

the intraccllular contcnt of severa} tricarboxylic acid cyclc intermediatcs incrcases. and this. in 
turn. lowcrs lhe capacity of this mutant to synthcsize glutamatc. Wc tcsted if the lattcr cffcct 
could be dueto the inhibition of GOGAT by organic acids. We dctcnnined thc pcrccntage 
inhibition of GOGAT activity in a partial purificd enzymc preparation of tbe am-132 rnutant 
grown on ammonium in thc prcscnce of differcnt conccntrations of severa! organic acids that are 
tricarboxylic acid cyclc intermediates. or the oxoacids of glycine or serine (Table 4). Gtycinc did 
not inhibii. N. crassa GOGAT activity in vitro (data not shown). 

GOGAT from the anJ-132 ;g/yr mutant was inhibited by organic acids in a similar manner to 
thc GOGA T from thc an1-l 32 mutant (data not shown). This supports our proposition that thc 
glycine-resistance mutation is not duc to a structural mutation in GOGAT. which could give a 
more rcsistant enzymc. Glycine rcsistancc could rather be relatcd to an incrcased capacity of 
GOGAT to synthesizc glutamatc in vivo in the am-132 ;gl)" mutant dueto a Jowcr conccntraLion 
oftricarboxylic acid cyclc intcnncdiates (Fig. 2; Table 3) that are inhibitors of GOGAT actlvity 
(Table 4). 
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Table 4. Inhibirion ofGOGAT actÍl.'ily by organic acids in the anJ-/3:! muta11t 

Mycclium wns grown for 24 h on minimal mcJium; GOGAT was. partiully purificd as dcscribcd in 
Mcthoda. Thc conccntrution uí orgunic ucida wu1> 10 1nw; thc pi 1 was M.dju1.tcd to 8·6. Thc cxpcrimcnt 
wu done twlcc; rcprcaentuti"c r-c1.ulu, 1.arc •hown. 

Orgnnic ucid 

Nonc 
Succinatc 
Mu.late 
Citratc 
15.0Citratc 
Fumarutc 
Pycuvutc 
Glyoxo.huc 
P..Hydroxypyruvatc 

Pcrccntagc inhibition 

2-0xoglutunitc concn . . . O·OS mM 

o 
25 
67 
25 
40 
SI 
25 
40 
36 

0·1 mM 

o 
19 
40 
20 
20 
31 
19 
19 
31 

This postulatcd incrcascd capacity of GOGAT to synthcsizc glutamatc in 1.:ivo in the ani-
132 ;gf)'r mutant was invcstigatcd by dctermining its capacity to grow on ummonium plus MSF. 
comparcd with thc arn-132 single mutan t. Pregcnninated conidi<i oíthe a1TJ-l 32 ;gly' mutant had 
a higher growlh rate on ammonium plus 0· 1 mM-MSF than pregerminated conidia ofthe am-132 
mutant undcr lhc same conditions (Fig. 3). A highcr growth rate on ammonium plus MSF was 
obscrved in the anr-132 ;g/y' mulant. which has lower conccntrulion of tricarboxylic acid cycle 
inlcrmediates lhan the ani-132 mutant. 

We thus concludc that in lhc am-J 32; g/y' mutant there is higher GOGAT activity in 1.:Jvo than 
therc is in the ani-132 rnutant. dueto the lower concentration in the double-mutant of organic 
acids (Fig. 2: Table 3) that are GOGAT inhibitors (Table 4). As a result of this increa.scd 
capacity to synthesize glutamatc {Table 3) thc glycinc-rcsistunl rnutunt is ablc to grow bcttc1· 
than thc parental strain on urnmoniurn plus a GS inhibitor such as glycine (Fig. 1). serine oc MS 
and on ammonium plus thc GOGAT inhibitor MSF (Table 2; Fig. 3). 

DISCUSSION 

Fincham (1950) rcportcd that thc amino acids glyl:inc or ~crine complctcJy inhibit growth of 
am strains on ammoniurn. \Ve ha ve dcmonstrated that thc effcct of glycine and scrine is duc to 
inhibition ofGS activity (Hcrnándczet al .• 1986). ll provcd possiblc to obtain u glycine-sensitive 
strain from wild-typc N. cras~·u by a rnutation that inactivatcs thc highly active {J polypcptide of 
GS (Hernándcz et al .• 1986). 

When growlh on gluta111atc oí a partial glutan1inc auxotroph \Vas inhibitcd by glycine. it was 
reported that synthcsis of glutamatc in z.:it·u dccrcascd 100-fold. cvcn though the content of 
glutamine only dccreascd by half; this suggcstcd that thc synthcsis of glutaminc rather than the 
absolute content oí this amino acid. playcd an important role in optirnum cell growth 
(Hcmández et al .• 1986). As a rcsult oí GS inhibition by glycine. or MS. thc carbon flow 
decreascs. and thus growth is prcvcntcd duc to thc doublc cffect of lowering glut3.mine synthesis 
and carbon flow (Hcrnández & Mora. 1986). 

In this papcr wc rcportcd the isolation of a glycinc-rcsislant mutant frorn lhc GDH- strain 
an1-l.J2 that has a dclction in the structural gene for NADP-dcpendent GDH (Kinsey & Hung. 
1981). Tbis mutation appcars to rcsult in diminishcd carbon ílow that cannot be decreased 
further by the prcsence of glycinc; in the um-132 ;g/}" double mutant this results in a lower 
content of tricarboxylic acid cycle intcrmcdiatcs (Fig. 2; Table 3). This is differcnt from what 
occurs in the GDH- strain am·/32. whcre the carbon fiow was aJmost abolishcd and GS was 
totally inhibitcd in thc prescnce of glycinc, as shown by the dccrease in glutamate. glutamine, 
a.laninc, pyruvatc .. succinate (Table 3) and 2-oxoglutarate contents (Fig. 2). Although in the 
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am-132 str..iin incubatcd with ammonium plus glycinc. thc 2-oxoglutaratc contenl was more 
drastically rcduced (Fig. 2) as comparcd lo thc pyruvatc and succinatc c;ontcnts (Table 3). cvcn 
thcsc vatucs rcprcscnl rcduccd le veis. sincc thcy wcrc obtainc:d aftcr J 2 h incuhation in thc 
absencc of growth. 

GOGAT from N. crassa was inhibitcd in vitro by differcnt tricurboxylic acid cyclc 
intcnnediatcs and ulso by thc oxoacids of glycinc and scrinc (Table 4). Jt has bccn rcportcd that 
tricarboxylic acid cyclc intermedia tes also regula te GOGI\ T from E. coli (Millcr & Stadman. 
1972). Wcst et al. (1967)und Ashby <•tal. (1974) reportcd that N. crussa NADP-dcpcndent GDH 
is activatcd coopcrative1y by scvcral non·substratc tricarboxylic acid cyclc intcrmcdiatcs. 

The principal function of GOGAT could be rclatcd lo thc intcrconvcrsion of glutamine to 
glutumatc und to glutumutc recycling (Calderón & Mora. 1985). This proposal is supported by 
the fact that GOGAT cannot completcly rcplacc NADP-dependcnt GDH in a GDH- mutant 
strain that has u decrcascd growth rute on a1nmonium (Fig. 1 ). whcre a low carbon tlow andan 
accumulation of carbon skcletons is observcd (Fig. 2 ~ Table 3). 

Taking into account that sorne organic acids wcrc cffectivc inhibitors of GOGA T actívity 
(Table 4). ¡1 lowcr contcnl of thcsc tricarboxylic acid cyclc intcrrncdiatc~ in thc unz-132 ;g/y' 
mutant would allow a highcr glutamate conlcnt (Table 3). This incrcased glutamutc content 
could ovcrcome GS inhibition by glycinc. which depends on glutamatt! concentration 
(Hernández et al .• 1986). Anothcr obscrvntion that supports thc incrcascd capacity of GOGAT 
to synthesizc glutamatc in t-·ivo in thc am-132 ;gly .. rnutants is that this strain hada higher growth 
ratc on ammonium plus MSF. a GOGAT inhibitor. than the urn-132 mutant (Fig. 3). 

Thc ability ofthe um-132 ;gly .. mutant to grow in the presencc of glycinc, serine or MS added 
individually to ammonium as thc nitrogcn source indicatcs that rcsistance is the rcsult of a 
common etfect of glycinc. serinc and MS. Thesc thrcc GS inhibitors had similar effects on 
glutaminc synthesis and on sucrosc catabolism, as shown hcrc and by J lcrnándcL & Mora (1986). 

We proposc that in thc am-132 ;gly .. mutant an incrcascd carbon flow comparcd to that ofthe 
0111-132 mulant clicits increascd glutamatc and glutamine synthcsis that is responsiblc for an 
increased growth rate on ammonium (Fig. 1 ). This proposaJ can also explain thc capacity of the 
ani-132 ;gly .. mutanl to grow in thc prcscnce of glycinc. scrinc. MS or MSF. 

lly thc samc token, the slow growth of the am·/32 mutanl on an1monium as thc solc nitrogen 
sourcc (Fig. l) is duc to che accumulation of tricarboxylic; acid cyclc intermedia tes (Fig. 2; Table 
3); this accumulation resulls in an inhibition of GOGAT that limits glutamine synthesis. which 
thcn reduces the curbon tlow (Table 3). This proposal is supported by thc uccumulation oí 
glutumate und othcr amino ucids {Table 3), obscrvcd in thc uni-132 mutant aftcr 12 h slow 
growth on ammoniurn (Fig. J); wc ussumc lhat this lirnitcd growth is duc to a rcduccd carbon 
flow. During the first hours ofgrowth on ummonium. glutamatc and glurnmine pools wcrc lowcr 
in thc am-132 mutanl thun in the um-132 ;gl;·r mulant (data not shown). 

ll can be spcculatcd that a glycolytic cn:t.ymc lcss scnsitivc to ATP inhibition may cxplain thc 
gl;"" phcnotypc. 

Wc are grntcful to Jorge Calderón and Lorenzo Scgovia for critically rcvicwing the manuscript, to David 
Romero fordiscussion throughout thc work and to Maria Elena Vclázquez for tcchnical assistance. This work was 
supported in part by a grant from Consejo Nacional de Ciencia y Tecnologia (CONACyT). México. 
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TABLA 1 

Table 8 
ATP CONTENT OFºTHE 
GDH- MUTANT STRAIN 

Nilrogcn sourcc 
.· 

Ammonium 
Ammonium + glycinc 
Ammonium + M S 

ATP 
(nnwVihgp) 

0.62 
8.44 

11.33 

Nore: Cultures wcrc grown for 12 hr on glu­
tumatc us nitrogcn sourcc um.! tn.1ns­
fcrrcd to thc indicutccl m<.:clium l"or JO 
min. 

Tomada de: Mora, J., Calderón, J., and Hernández, G. 
Search, Assimilation and Turnover of 
Nitrogen in sorne Fungí. In: "Nitrogen 
Source Control of MicrobTal Processes". 
S. Sánchez-Esquivel (ed). CRC Press, 
Inc. 1988. In press. 
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