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SUMMARY

The rate of oxidatiomi of glutammuate by brain homumogemmates or mmuitochommdria �vas enhanmeed

aj)pr�ximm1ateiy 4-fold by 5’-AMP, cyclic 3’,S’-AMP, or 5’-ADP. rfhese umucleotides were

equally effective in augmmmenmtinmg glutammumute oxidatioti, while 3’-AMP, 2’-AMP, atmd 2’,3’-AMP

were mvithout effect. (‘velic 3’,3’-A\IP did not imucrease the t’ate of giutammmate oxidatio)nl in

heart or testis homuogetmates but produced 13�� amid 89% stiummulmitioti by liver amid kidney
homogenates, respectively . kinetic amid gel filtration evidemice indicates that glutanmate de-
hydrogenases of brain, hivem’, atid kidney mnitochondria are miot identical in their properties.

The enhancenmeumt of activity of the brain emnzymmme by 5’-AMP or cyclic 3’,5’-AMP was de-

pendemmt on the pH of the reactionm mixture atid time comicemmtrat-iomm of NAD. At p14 8.0, the

appttreumt Km for NAI) was decreased froun 2 mmmxiimmthe absemmee of adennitme nucleotides to

0.4 mimi or 0.5 nui�i mm the presemmce of 5’-AMP or cyclic 3’,S’-AMP, respectively. At p11 7.5,

5’-AMP evoked twice the stimmmulation produced by (‘orresponditig couicentratiotms of cyclic

3’,3’-AMP. Kimietic evidemmee inndieates that- braimm glutanmate dehydrogeumase eotmtaimms at least

two) cooperative sites for NAI) mm the absemice of ademmine tmumcleotides, and onmly omie site ium time

presence of these activators. I)emmsity gradiemmt stumdies suggest that- time mmmolecular weight of

the activated emizymume is approxinmately 250,000.

INTRODUCTION

A nunmber of recent observations suggest
that 5’-AMP, 5’-ADP, and cyclic 3’,5’-AMP
may be involved in the regulation of energy
metabolism (1). Frieden (2, 3) has demon-
strated the ability of 5’-AMP and 5’-ADP

to enimance liver glutamate dehydrogenase,
and these nucleotides have been found to
alter time catalytic activity of isocitrate

dehydrogenase (4) and phmosl)hofructokmase
(5). Mansour (6) has siuown timat 5’-AMP

and cyclic 3’,5’-AMP activate phospho-
fructokimmase isolated from guinea pig heart

amud from a parasitic livem’ fluke. Sinmilar
effects of 5’-A�\1P have been reported for
phosphofructokinases obt aimued from rabbit

mumscle and kidney amud from yeast (7, 8).

This work was supported by Grant MH-14519
fromn the National Institutes of Health, United

States Public Health Service.

Recenmt studies by Sutherland and co-
workers (9-13) and by others (14-18) have
indicated that cyclic AMP, whicim is formed
from ATP by the enzyme adenyl cyclase, is
involved in the regulation of various meta-

bolic pathways, includimug glycogenohysis in

liver and heart, hipolysis in fat tissue, and

steroidogeumesis in adrenal cortex. Inasmuch

as ghmtamate oxidatiomu is of importance in
emuergy metabolism in the brain, it seemed

of inteu’est to exanmimue time actions of various

adenine umucleotides, immcluding cyclic 3’,5’-
AMP, on glutaimuate nmetabohism in bm’ain

preparatiomms.

MATERIALS AND METHODS

Adenosimue 3’ ,5’-uumonophospiuoric acid,

adeuuosiuue 2’,3’-ummonuophmospimoric acid, adeno-
sine 5’-nmommophmosphat-e, adcnosine 5’-dipimos-
phate, ademmosine 2’-mimommopimosphat e, and
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mtdennosinme 3’-mmuommopiiosphmat e w’em’e l)ui’-
oimaso’m I fu’onmm Signmna (2iiemmii(’al (�onmnpauny.

iimm’�’ W’t’n’e fouumol to be 99% pure
��‘iiemi mtssmt\’co I sped I’ol)imototnctu’ically, and

were detci’nmimmed to be imommmogenmcoims by a

clescemmdiumg i)ai)em’ cimu’omimatogm’a�)imic tech-

mmi(pme W’itii a solvemit systeun consisting of 3

voluunes of 1 �i aumummnonniitmmmacetate (ad-

jUst(’(I to 1)11 7.5 with ammmnmommitummuiuydm’ox-
i(Ie) antI 7 volumnes of 95%� ethamuol. )dolar

absom’banmce amid R?’ values were virtually
i(Iemnti(’al \Vitii timOs(� j)m’e\’iOUslV m’ei)om’tcd by

i�-L Biocimemmiicals.

\\‘atcr used iii time exl)(’n’imn(’nmts i�’as triple-

mIistilled fn’onm a Pvm’ex glmiss appam’atus.

Othmem’ m’eagemmts obtmummed fm’omim conmmummem’cial

son l’(’O’s i�’en’e i)liu’ifi(’mI i�’ineim mmecessan’y.
Spm’ague- I )miwley u’mits of (‘ithem’ s(’x, weigh-

imng 25t)-30() g, \�‘en’e oleo’mtpitated, mtftem’ ivhich
t hno’i m’ i )n’aimms \vou’(’ n’emnmo\’o’mI \\‘it imimmI 5-20 sec
aumol l)lmiO’o’mI inn 0.25 #{176}-�isucn’ose mit 0#{176}. .\.ll

Pn’o’P:tn’mit i-�’e pn’oce� Immu’es ��‘ere coumolucted at-
0-4� . Tine i)m’aiuns \\‘(‘t’o’ h)iotteml onm filter

l)mil men’, w’eighned, minimI iionmmogemmizeol 1mm suf-

ficio’nmt 0.25 �m 51101050’ to viehml a

lion nio mgeui mit 0’. 1 Ionmmogen i izat ioum i�’as pcI’-

fon’n niem 1 1 ‘‘ fomu u’ on’ five I miss’s 0 f mi I(’flofl

Post Ic inn a glass imo�)mimogm’iiizeu’ � tint’ tightly
fi t t in mg 1)(’st It \\‘mts mI i’ivemn at at )pn’oxiummat ely
1200 n’pmmu.

\\‘iit’in nmiitoeiioummlm’ia w’em’e to be isolated,
timo’ 20% hnommmogenmate \\‘mts mhiluteml w’ith 1

\‘Oluiniie of 0.25 M stm(’i’ose ammol o’o’mmtn’ifimged

mit 100() )< q fon’ 10 nminm to seolimmmemmt umu-

bm’okeni o’�’lls, mmuo’lo’i , miunmi ole! mn’i�. lime m’esmult-
11mg smnpeu’mmmmtmimnt flmnimi was (‘emit n’ifuged at
1 2.000 � q ion’ 10 mmmi . minim I tinc enmsuing

1)tl lot , o’o)nmt iimiinig t lie nnmito(’inonmm In’imtl fn’ac-
t iOti , w’mis w’mi’imem I by m’esuspemmmliiig it mm the

ou’iginmal volumnme of 0.25 M sucro�e, followed

by o’emitn’ifugatioim at 10.000 >< �j fom’ 10 nmmimm.

Timis w’mi�himig pu’ot’(’ollmu’e wmis u’epeat(’(l twice.

)xvgenm upt mike 1 v hmommmogemnat es on’ muuito-
eimonmm Im’ial simspeiisiomms �vitim glut ammmate as

stni)�tn’ate was mleteu’nmninmeol at 37#{176}by conm-
venm t iommmi 1 nmmanmonmueti’ie teclmumiques (19)

flout immelv, time hmmifen’ ammml emmzvuume pm’epal’a-
ion w’em’e aolded to the reactiomm vessel, amud

a ft ci’ mi 1 0-umuinm eqinlibn’atioum period time

mmmanommmo’ten’ stopcocks i�’em’e closed. Simbstrat e
amn(l NAT) went’ timo’nm amldeol fm’onm time side

arrrm. lmmless inmmlicated, time finmal commceuutra-

tioums of reageumts, imm a total voluumme of 3.0
ml, �s’eu’e: 0.01 M 1)imosphate buffem’, pH
7.5 (pm’epared iiiy a(Ijustiuug a solutioum of
KH2P().1 to l)H 7.5 with 1 N NaOH) ; 0.01
M glutaumiate. 1)H 7.5 ; I mn�i NAI), pH 6.5;
1 umu� tii(’Ophiylhimm(’, l�’� 7.5 ; amid 0.5 mmmlof

ermzynue l)i’ePan’atiouu m’cpm’eseumtimug 100 nug of

brainu tissue (appm’oxiumuately I 5 mug of i)m’O-

tcimm) inn 0.25 �i sucrose. \Tammomiueter m’eadiimgs

\vem’e n’e(’om’mlcd at 7.5-mmuimm initeu’vals for 30

nmmimm.

G lutammimite deiivm hn’ogemmase l)m’eI)am’mtt iomms
W’et’t’ Pm’el)am’ed hi’ dism’uptimmg nmitochoumdn’ial

nmieummi)m’ammes I)y a 30-sec tm’eat-mmuent with a
Bn’aumsomm Somnifieu’ mit a settimug of 3 amp,

follow’eol by c’nmtm’ifugationm at 175,000 )< g

fou’ I un’, Time m’csultimmg clean’ enmzyumme solu-
tioum was mIimtlvzeoI i)\’ passimmg time pm’epam’a-
tionu timm’oimgim a 1 X 30 cmmmSepimadex G-25
coiunmmn o’qtnilibu’ateol w’itim 0.05 M I)lmosl)iumite
bimffo’m’, � mi-I 7.4. (�; lint animate (Ieimvdn’ogemmase

acti\’iti’ \\‘mts mmueasum’o’oI liV obseu’viumg time rate

of NAI)i-I iom’mmmatioum at 340 unp. witim a
Gi 1fol’o I Imio Id 2400 5l)(’(’t m’ol)lmotoummeter amid

m’ecormlen’. Fln(’ Ii)nthi(’nmtieit\’ of time NA1)FE

fom’mmmo’oImu t ht’so’ expen’imnmenmt 5 ��‘as vem’ified i��r

time oIisaI)pemmu’mtumco’ of 34() umu1� absom’ption

aftem’ additiomi of dilute 1TC1 on’ excess alco-
imol Ol(’im\’mht’ogenimls(’ mimnolacetaldelmyde to time
(‘ml\’o’ttes.

Time gel fi it mmmliomi (‘ohmuimnms w’en’e pn’epan’ed

w’itii �“�‘i)hmmioIex 1-20() w’imiclm had i)(’eni sieved

timm’ougim a 200-nmmesin scn’ecnu. Time 1)am’ticles
i’et mmi ! tem I I my t ho ‘ 5 i(’v(’ w’eu’e a I low’(’d t o sw’el I
fon’ 72 inn’ mm 0.05 �r I)huOsI)hmmtte, 1)11 7.4, at
n’oonmm tt’nmmpen’mttum’e. Time gel w’as tim(’ui potured

immto a 1 )( 55 emmm glass cohummumn at 4#{176},anmd
time cohmummum was eqmmihibu’ated by w’ashimug

ivitim buffem’ ion’ 24 Inn’. Time effluo’nt i�’as col-

leeto’mI 1mm 0.5-minI sannnjnies by mneauns of a
Bueim lot’ u’efn’im�en’mitem I frmn’t ionm collectom’.

1mmthe sediunmeuntation velocity stiudics, 0.2

mmml of o’mmzvnie ‘ohitioum w’as aprmhied to hinmear
stmcn’ose mlenmsitv gu’adiemmts (8-20%) ammd
cent n’ifnmed at 1 75.000 X q fon’ 6 hr imu a

Spinco nmoclel LII cemmt m’ifuge equip�)e(1 withu

anm S\V-39L rotor.
.\.nmmnnmoumia olet (‘n’ummiunmit ionms �vei’e pem’fon’nmed

by Comiw’ay ummiem’odiffimsion tecinmmiques (201

Proteium ��‘as iletem’nniiumed by the biuret
ummet imod witim tlmn’ee-t inmues recm’vst a Ilized ho-
�‘imie sem’innmmalbmmmmminmas a stanudard.
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RESULTS

Enhancement of o.m’ygeiu uptake in rat

brain homogenates by cyclic 3’,5’-AMP or

5’-A�TIP. Table 1 simows that time u’ate of
oxidation of glutammuate by bm’aimm imonmoge-

mmatcs, as nueasum’ed by time rate of oxygeim up-
take, was approxinmately 1 .0 p.!730 nuimm/mg
of I)m’Oteimm mm time ai)senCe of mmucleotide.
Wimeum 0.33 mimu cyclic 3’,S’-AMP or 5’-AMP
was ad(led to time immcubatiomm mmuixtuu’e, the
rat(’ of oxyg(’ni 111)tItk(’ \ya immcm’eased about
380%. All mates ��‘�t’e oleterumuitmed by sub-

TABLE 1

Effects of cyclic 3’,5�_,4j[J) � 5’-.4MP aim

oxi(Iation of various substrates by
rat hrain� /moinoqenates

Each \Varburg flmmsk contained, iii a final volunme

of 3.0 ml, 10 mit phosphate butTer (pH 7.4), 1 mit

tlneophvhlnme, 1.0 mit NAD, 0.03 mmiii MgCl2, and,

where indicated, 0.33 mmuM cyclic 3’,.’-AMP or

0)33 mit 5’-AMP. The final coneeimt i’atimmmmsof smmb-

strates were 10 mmiii. Each flask milso contained 0.5 ml

m)f 20% rat- brain imomogenmite (moppm’oximatehv 16 nig

mmf pi’o)tein) . Detmtils of time pm’mn’edmmre mime described

ii’ time text.

Smti)st i’ate Nmncleut iole Qo�”

L-Glmitammumite Nmmime 1 . 06

r.-( ‘,lmntmmnuate 3’,.’i’-A.\I P 4 .51

n.-Glmmtammmte .‘i’-Ai\IP 4 .69

a-Ietoglmitan’mmie Nmnie 3.06

a-Ketoglmitti’ate 3’,S’-A\IP ‘i. 3M

a-Ketoglmntmmrate .5’-AMP 4 94

Pi’rrivmite’ Nmmmme 1 . SM

Pvrmmvmtte 3,5,-AMP 4 �69

Pvi’mnvate 5’-AMP 43M

Smiccinat e Nm moe 3 - 50

Stmecinale 3’,S’-AMP 3.56
Smnceinmate 5’-AMP 3 51)

n.-\lahmtte Noime 1 - MM

L-Malate 3’,S’-,\MP I - MI

u�-�’\1mmlmmle .5’-A\IP 1 75

NAI)II Nomne 4 . :11

NADI-I 3’,s’-.-\.\IP 3. 75

NAI)H :y�,#{149}�Ml� 3.94

“ Qo values represent. time average of I imi’ee experi-

nments and mire expresse(1 as nmierohiters omf mx\’gemi

uptake per nuilligram of pm’oteimm in 3() mmmiii at 37#{176}.

Corrections wem’e nuade for oxidmit ion mmf eimo!ogenmomms

substrates as described in time text,

b %Vhmen pyrmtvate was used mis a substrate, a finimil
coneeimtrmitionm cmf 0.5 mit L-mflalmite was used as a

‘‘spanker” for time eitm’ic mucid cycle.

tu’actimmg time values obtaimmed in time absemmce

of suhstm’ate ammd were himmear up to 30 umiin.
Sitimilar results were obtained when giuta-

miuitue was (‘mmmplove(1 �iS the substrate immstead

of glutaimmatc.
Simmce bn’aimm comitainms time emmzyme cyclic

3’,5’-phmos�)hmodiestem’ase (21 ) , which cata-
lvzes time couiven’sionm of cyclic 3’,5’-AMP to

5,-A::’sIP, all of time u’csults presented imm timis

paper were obtainme(l with 1 umm�mt.imeopinyl-
limme, w’imicim has �)u’eviously i)eclu repom’ted to
be aum inmimibitom’ of cyclic 3’,5’-phuospimodi-

estem’ease I 21 ) . However, simmce 1 mn�sr theo-

PiiYlhimue does umot completely immimibit. bm’aimm
I)hOsi)iiodiest-en’ase activity (22) , the pos-

sibility that. thm(’ enmimauuced oxygen uptake

pm’o(lImc(’(l by cyclic 3’,5’-A�\1P mmmigimt have
beenm oIite to coumven’sioum of this umucleotide to

5’-AMP was iuuvcstigated. 8-’4C-Cychic 3’,S’-

AiI�u1P (Scimw’am’z BioResean’cim) mm a fimmal coum-

ceumtn’ation of 0.33 mmu�i was inmcubated at 37#{176}

fou’ �‘au’ious tiummes withu 0.5 mmmlof 20% 1)rainm
hmommuog(’nmate mm a counplete reactiomu inixtum’e

mm time l)m’d�sd’tmc(� anmol absemmce of I umm�i tii(’O-

l)hyhlimue. As shmownm mm Table 2, after 45 mmmi
mii)l)m’d)Xiuimatelv 35’%;. of time cyclic mmucleotiole
was coumvem’t(’(I to 5’-A\IP mm time abseimce of

theopimvllimue, as connl)am’e(l w’ith 18% jim its

l)m’esenm(’e. Tnnasmuuimcim as 18% of time addeol
cyclic 3’.S’-Ai\IP w’as Imydn’olyzed, time cmi-
hmammcemimemmt of oxygeum ul)take by time cyclic

mmucleotide nmmighmt have becim due mm part to

5’-AMP ot’ 5’-AT)P. Fioweveu’, if cyclic 3’S’-
Ai:#{176}�IPwen’e inmeffective mm inmcm’ea�immg gluta-

mumate oxi(.Iatioum, it is uuihikely that hiimear

mates of oxyg(’nm imptake w’ould immive I)eemm

obsem’ved ; �mrohably anm immcrease in the rate
of time n’eactionm with timuc ivould have been

nmotemI. 1mm adilitiomi, glutamimate oxidatioum by
bm’ainn nnitocimonmolm’ia was cumimanced iy�r cyclic

3’.S’-AMP as ii’ehl as IIV 5’-AMP.
As simowni mm TaI)le 1 . the mates of oxidmi-

tionm of simccimmate, nmmalate, atmd NADIR were
muot a�)pn’eciahly a-lten’ecl i)V the pm’esermce of
cyclic 3’,S’-AMP or 5’-AMP in time m’eaction
nuixtu me. How’ev’r, these nucleotides cmi-

haniccul a-ketoglutan’ate amid �)ym’u\’ate oxi-

datioum appu’oxirnately 73% and 150%, re-
spectively.

Enhancement of o.m’qqen uptake in rat

brain lmoiiu o�jena tes l)y various con cen trim-
ti.ons of nucleotides. In view of the m’eports
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TABLE 2

Effect of theop/myll-iime on coimrersion of cyclic

3’,5’-.1.b!P to ii’-.-I,i!P by

brai,m /monm-oqeimates

Tom a complete react im)n nmixture as descrii)ed in

Tmuiile 1, 8-’mC-cyclic 3’,S’-AMP (specific activity,

1.0 MCi/�m1mmole) at a final concentratioim of 0.33 mit

wmis added. The reactioni nuixt.um’e was incubated for

time tinues simown at 37#{176}in time pi’esence or absemuce of

1 fliM timeophylline. Time react ion wa.s stompped by

placing the tithes in boilimmg water for 10 miii, and

following centrifugat io)mm, aliquots were applied alommg

with ummlabeled nucleotioles to p.mlyeliiylinimine-

mmpregnated cellulose thin layer plates. After time

plmttes were developed with (1. 1 ii formimate butTer,
phi 3.3, spots observed wit Ii mimi tilt raviulet lamp

were removed fronm the plates, plmiced iii 2,5-

dipiiemmyloxazole-1,4-bis[2- (5-pheimyloxazolyl)]ben-
zene scintillation fluid, and counted. Each deter-

mination was performeol iii duplicate, and values

represemmt the averages of two experiments.

Cyclic

Tinmie Theophylliime 5’-AMP” 3’, 5’-Al\IP

iimin viM epm cpun

15 1) 410 4520

15 1(1 146 47MM

3() 0 1t)26 4198

30 1.0 427 4M25

45 0 1775 31M5

45 1 .0 lOOM 4558

(, Cyclic 3F,5’..;\J\�fJ) (Scimwarz) coimtaiuied approxi-

mately 3% 5’-AMP mtpoii separation i)y the ai)ove
procedure (representing ai)out 200 cpm in these

experimemmts), 1(0(1 the values mi this coditnmii were

appropriately correcte(l.

by Breckeumridge (23) anmd Aurbach and

Houstomm (24) timat the level of cyclic 3’,5’-
AMP in mouse braimm was approximately 1

�tmole/kg, amm(l the finding by Kakiuchi and

Rall ( 14) thmat imorepimuephm’iume pm’oduced a
rapid iuucm’ease imu time comucemutration of cyclic
3’,5’-AMP frommm 0.001 mmmMto approximately
0.02 nm� mm rabbit cerebral cortex slices,

studies were pem’fom’uumed to determine
wimetimer cyclic 3’,S’-AMP at commceuutrations

of the order of 1 1imole/kg of tissue might

immcrease time rate of glutaummate oxidation.
Time effects of cyclic 3’,5’-AMP on rat brain
homogenates whuich were aged at 0-4#{176}for

24 hr as well as oum fresh brain homogenates
were immvestigated. The homogeumates were
age(l to allow time cyclic phosphodiesterase

to I’e(ltice the emidogenous cyclic 3’,5’-AMP

level as ummuch as possible. As shown in Fig.
1, cyclic 3’,5’-AMP enhanced oxygen up-
take by aged brain homogenates approxi-
mately 40% at a final concentration of
0.033 mim�m, and about 350% at a final con-
centration of 0.33 mril. Concentrations of
cyclic 3’,5’-AI\1P greater than 0.33 m�i

imucreased oxygemu uptake to the same extent
as 0.33 m�i, indicating that maximal en-

z
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FIG. 1 . Rate of oxygen uptake by aged brain hornog-

enates a� afunction of cyclic 3’,5’-AMP concentratian

Comiditiomms were timose described in Table 1. Foumr

rat brains were pooled and homogenized. Oxygen

uptake was determined after 24 hr at 4#{176},following

homogenization. Values represent an average of

three experiments amid are expressed as microliters

of oxygen uptake per milligram of protein in 30 mimi

at 37#{176}.

hmammcenmeimt occurs at relatively high con-

centu’atioums of the nucleotide. When studies
were performed with 5’-AMP at various
concentratioums, the results were similar to

those obtained with cyclic 3’,5’-AMP. When
5’-AMP or cyclic 3’,5’-AMP was added to
the sanme i’eactionu mixture, stimulation of
glutammuatc oxidation was additive at total
nucleotide comucemmtrations less than 0.33 m�.
However, in the presence of 0.33 m� 5’-
AMP or 0.33 m� cyclic 3’,5’-AMP, addition

of cyclic 3’,S’-AMP or 5’-AMP, respectively,
produced no further enhancement of gluta-
mate oxidation.

Results similar to those shuown in Fig. 1



experinmermts.

ADENINE NUCLEOTIDES AND BRAIN GLUTAMINE METABOLISM 619

,hfo!. Pimormnaco!. 5, 615-62-I (1969)

wem’e obtaiumed wheum 0.01 �i Tm’is buffer, pH

7.5, was used in place of 0.01 M phosphate
buffer. However, eumimammcenmemut of oxygeim

uptake mu braimu hommuogenates by cyclic 3’,S’-
Ai�t4P was markedly reduced whemm phos-
phate buffer comucentrations greater than

0.05 M were employed.

Specificity of action- of nucleotides. As
shown imu Table 3, 5’-AMP amid 5’-ADP as

well as cyclic 3’,5’-AMP enlmaimced the rate
of oxygen uptake by brain imomogeimates
with glutanmate as substrate. However, 3’-

TAnmn�E �3

Effect of various nm,cleotides on oxyyeim uptake by

rat brain homogenates with glutaniate as substrate

Experimemmtal conditiomms were time sanue as (le-
scribed in Table 1 and the text. Cmmrrection.s were

made for endogenou.s oxygen uptake as imm Table 1.

Sufficient nucleotide wa.s added to give time fitmal

concentrationus irmdicate1. Qo, values represeimt nuicro-

liters of oxygen uptake per milligranu of protein per

30 miii at. 37#{176}and represent the average mmf three

Coimcemm-

N ucleotide trat non Qo. I nmo’i’ease

Nomne
main

0 0. 9()

%

3’,S’-AMP 0.33 4.00 344

3’,S’-AMP 0.17 3.03 237

5’-AMP 033 3 MS 32M

�5’-.&MP 0.17 2.94 227

.5’-AI)P 0. :33 3.77 319

3’-AMP 0.33 1.12

3’-AN-IP 0.17 0.94

2’-Ai�1P 0.33 0.89
2’-AMP 0.17 0.95

2’,3’-AMP 0. :33 0.94

2’,3’-AMP 0. 17 1 .1)2

AMP, cyclic 2’,3’-AMP, ammd 2’-AMP did
not alter the m’ate of oxygenm uptake. Similar
results were obtained wheum braium mitochon-
dna were used ium place of homogeumates.

Experiments were comuducted to determine
whet-her the effects of cyclic 3’,S’-AMP on
glutaummate nmetabohism were specific for
brain tissue. The data preseumte(I in Table 4
indicate that cyclic 3’,5’-AMP markedly
euuhammces glutamate oxidation by brain tis-
sue, but has considerably less effect ommoxy-

gen uptake by other tissues. Oxygen uptake
by brain homogemiates was enhanced about

TABLE 4
Effect of cyclic .3’,#{246}’-A.1!? on oxygen uptake by

mariomis rat (issue lmom.oqe,mute.s nit/u f/lmlt(llil(lte

(1.S’ substrate

Experinmental (‘m)nmditim)ns were time smumue as dv-
scrii)ed in Tahle 1 mitm(l the text . 1’�ach flask contained

0.5 nil of a 20% honmm)geimmite in 0.25 it sucrose. Qo,

vmilues represent nmicroliters of oxygen uptmike per

nuilligranm 0)f prmteiim per 30 nmin mit 37#{176}.Correct ioims

were nma(le for enmdmmgenomns imxygemm uptake as (he-

scribed in the text.

(‘�‘clic
‘Fissmne 3’,S’-A�i P Qo, I m)m’i’(’ISC

omit

Brain 1) 1 .01

Brmuin 0.33 4.25 321

Ki(limey 1) 2.92

Kidimey 0. :33 5.52 59

Liver (I 3 - 9S

Liver 0.33 4.45 13

heart 0 0.91

1Ican’t 0.33 (1.95 0

Testes 0 1)68

Testes t).33 0.74 1)

320% by 0.33 nmrsl cyclic 3’,5’-AMP, wimcu’eas

thmis conmcemmtm’atiomm of umucleotide did umot
sigmmificaimtly alter oxygeum uptake by imeart
01’ testis homogeumates in the preseumce of

glutamimate as substm’ate. Oxygen uptake by

kidmuey and liver honuogemmates was emuhanced
89 and 13%, i’espectively.

Effects of nucleotides on partially purified

rat 1)l’aifl glutamate dehydrogenase. Iii the
course of these stiudies it was observed that

time m’ate of ammmnmmonmia liberation as well as

the rate of oxygemm uptake by brain homog-

eumates om’ ummitoclmon(Iria was enhanced by

5’-AMP om’ cyclic 3’,S’-AMP, in(hcatimmg
timat these mmuclcoticles immcreased glutamate
dehmydu’ogemmase activity. \Vit-h glutamate as

substrate, 5’-AMP (0.33 mM) or 3’,S’-AMP

(0.33 minI) uima.u’kediv inmcu’eased the rate of
NAT) u’eductioum by a pan’tially purified
glutanmmat e deiuyd n’ogetmase obt aifle(l fronmi
sonicalls’ tu’eated i)raium mitochoumdm’ia, as

showmm i)\’ Fig. 2. The aummount of activatiomu
j)n’o(lumced bV 5’-A\IP ss’as ummuch greater

timaum that i)m’otltm(’e(I ijv time cyclic nucleotide.
However, at commceumtu’atiomus below 0.02 nmM,
the umucleotides w’en’e inueffective immenhancing

the rate of NAT) m’e(Iuct-ion. The rates of
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Ito;. 2. Lffet’ti (),f iarious co,mce,mti’atio,m.s’ of c!/clic

,:t’,S’-.-l .h!I� (llmd �‘-,-l .1!I� 00 1(11 1)1(1110 ni 01(110 (ite

u/m/, !/il1’Oq-Fma.s’e

,��st\’s V�’(’i’(’ CO i’i’ie(l C )IC t i CI 0 t mml ul vu il mimmie of :i nil

\�‘it ii mu find c nmceimt i’mtt immim mmf 0.01 it glvciimc imuffer,

1)11 5.0; 0.01 ii glmitanmate; 0.4 nun NA!) ; (‘\‘(‘hic
3’,S’-AMP (�-�) mCi. S’-AMP (A-A) as

iimmlim’ato’ml ; 111(1 al)1)i’mmxiIImatelV 1 .0 mmug mmf l)m’Ot(’ilm it

25#{176}.‘limo’ i’e:uct i(mim �‘:ms omit i:i I (Si liv t he :0(loiit im mm omf

NA!).

NAI ) m’eductiomm 1mmtime pm’u’senmce amid absemmce
of nmucieoti(Ie ii’em’e hinmeam’ for at hemist 1 ummimu.
)daxinimtnmmi activmitionm hi’ 5’-A�1P or cyclic

3’,S’-Ai\IP w’as ol)tained 1mmtime timmuc requim’ed

to mimix time enmzynmue amid substrate mu time
m’(’actiomn nmmixtum’e. These results inmdicate that
colmv(’I’smonm of cyclic 3’,S’-A\IP to 5’-Ai\IP
\\‘mis pn’ol)mil)hy unot t’sso.nititil for a(’tivatiolm of

bm’aimm ghimtamimate mleinyo.Irogenmase.

Ihm(’ Iti)ilitV 01 cyclic 3’,5’-Ai\IP or 5’-
A\1I’ to immcn’(’ase time activity of i)m’ainm gluta-
mmmit o‘ mIehmvo I m’ogo‘mmmisc is pIT -depenmdent

I Fmul)l(’ 5 � . At 1)14 6.5 the mmincleotides, mm time
conmcemntu’atioims immohicated, w’en’c witimout ef-

feet , 1 ut as t ime � )1-1 of tine m’eact iomm numixture
was m’mus(’d to 8.5, tIme emmimanmc(’nmuemmtof NAT)

m’e(Iuctiomm by cyclic 3’,S’-AMP or 5’-ANIP
was immcreased to 8-fold amud 18-fold, re-

sPecti\’elY. At PH 7.4, 0.33 mn�r cyclic 3’,5’-
�SIP produced a 200% inucn’ease in brainm

glut atumate deiuydm’ogenase activity, whereas
uumden’ similam’ conmditioums the activity of timt’
enmzvnmmes obtained from rat liver and kidney

mitocimoumdria i�’as incm’eased by only 60%

ammol 40%, m’espcctively. That the nucleotide
did muot alter othei’ emmzymes concerned witim

ghmtannate metai)ohisnm was indicated by amm
absence of effect on time catalytic activity of
braium ghutanmate-oxalacetate anminotransfen’-
mi�e or glutamate decan’boxylase.

TABLE 5

.-I ctiV(Itiolm (1/’ mat 1)1(1 in (/lutailmate (/e/m?j(lro(Jenase in,

cyclic 3’,i’-.-l.IIP (10(1 /.‘-.4ifP at

curious p-li l’(llue.S

‘lime pi’cparmut ioui of glutmimmiat e (lelmydrogenmise frommi

i)I’IOlm hut mm(’hmOIlmil’ia is olesci’ii)e(l itm t lie text. ASSaYS

were perfoi’mmued liv o)1)Servimig time rate of NAI)H

foi’nmation sped i’opimotomumet ricmully at. 340 nmu, muimul

the rmite is expressed as miermmnnohes formned per mimi-

mite per nmilligrmurn (If protein at 2S#{176}.Thme reactiorm was

carried omit in mu total volume of 3.0 nil with a final

(‘Oim(’emmt rmmI i(mti of 0.01 ii phospimmi tv i)uffer, p11 6.5 or
7.S, o)t’ i�’it Ii a fimmal concent rat iomim of 0.01 ii glycimme

buffer, phI 8.0 or 1)11 S.S; 0.01 it glint amate; 0.33 rnrm

cycli(’ 3’s-AMP on’ 0.33 mit S’-AMP; 1.0 mit NAI);

atiol mippn’oximnatelv 1.0 mmug of i)i’mmteimm. Time react ion

was iiiitiatemi by time addition omf NAD.

1)11 N molt’ ml jilt’ N.� 1)11 b mm’nieol lii ri’e’.mse

i.mmnoie/in in /mq

MS Nmame 0.01)24

8.5 3’,S’-AMP 0.0217 500

5.5 5-AMP 0.0460 1800
8.0 None 0.0072

S .0 3’,S’-AMP 0. 0:360 400
8.0 S’-AM1� 0.0604 730

7.5 Nmmne 0.0144

7.5 3’,S’-AMP 0.0432 201)

7.5 5’-AMP 0.0724 400
6.5 Nmmmme 0.0072

(‘� - S 3’,S’-A�EP 0. 0072 1)

6.5 S’-AMP 0.0087 20

Time m’csults of umolecimlam’ sieve studies are

pm’esemmt-e(i nu Fig. 3 auitl simow that time enzyme
fm’ommm i)m’ainm ummitochoundm’ia is eluted from a

Sepimadex G-200 coluunn at 33% of the gel
l)t’tl \‘d)litmiue, w’lmile time nat hivem’ amid bovine

hivem’ � Signua � emmzymes mire eluted at 42%

of tint’ gel h)(’ol volunmme. \Vitim l)I’Oteinu con-

cenutm’atiotms (mmppm’oximumately 3.0 iumg/ml)
siumuilmun’ to timose for time m’at 1)m’aium amid rat.
livem’ (‘nzvnmes, time m�at kidumey euuzyine is

chimt’oI at 37% of time gel bed volunne. The
i’alue ion’ time i)ovimue hivem’ emmz’vme is similar
to timmit obtainm(’oI by Rogem’s, Hellernman, and

Tiiomumpsomm I 25) fom’ I)ovinme liver glut anmate

dehmydn’ogenmase. Smmmee catalase which has a
ummolecmmlam’ weight of 2.5 X 1O�, is cluted at

42% of time gel bed voluumme, it appears that

unmdem’ time commditiomms imsed in tiuis study the
bm’ainm etmzynme (‘ithucu’ iuas a nmolecular weight
greaten’ than 2.5 X 10� or is nmore highly



TABLE 6

Comparison of effects of aden-ine nucleotides on. time K’,,, for NAI) aimd
Vmax for rat brain, liver, and kidney glutamate dehydrogenases

K’,,”

Niuleot nit 3,S’-AMP S’-AMPEmmzynme Nuc!eotide 3’,S’-A\IP S-AMP
soun’ce absent l)I’esent Iresemmt aimsemil pIe-emil i)1’05(�11I

j.mnmole .\. I 1)H ,fornmou//m iim bigmit mmmii mit

Brain 2,0 0.5 0.3 t). 116 1) 11)6 0. l2t)

Liver 2(1 1 .1) 1) 164 1). 169

Kidney 28 2. 1 0.04M 0.1)45

a Hepresents the apparermt Michaelis constant for NAD (coneentn’ation mf NAI) giving mmne-inmilfmaxinmmul
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velocity).

associated thamm time other emmzymcs. In addi-

tiomu, as simowim in Table 6, shiglut differences
were observed for the appam’ent Michaehis-
Mentemu (K’m) constants for NAD witim time

i)raimu, liver, amid kidumey enzymes iii time
presenuce or absence of umucleotide. Such
fiumdimmgs, coupled ivith those �ortrayed imi
Table 4, indicate that time properties of
glut ammuate dehmy(Im’ogemi ases froun differemut
tissues nmay umot be ideumtical.

As SiiOWm’Im imm Fig. 4, wimemu time activity, at

PH 8.0, of braimu glutamate dehydu’ogeimase
is plotted as a fummction of NAT) couucemm-

tratiomm, a sigmmmoidal cun’vc is oi)tainietl. This

ELUTION VOLUME (ml)

FIG . 3. Elution pattern for (flutalnate (le/myth’o(Jeimase

from rat brain (A-A), rat livem’ (U-�), and

bovine liver (�-�) front (1 Sephadex G-200 column

at 4#{176}

Blue dextran wa.s elmmted from the cohmnun in

12.5 in!, representing 29% of the gel bed volmmme, amid

catalase was eluted in 17 ml or 42% of the gel bed
volume. One-milliliter samples (brain enzyme con-

tained 3.3 mg of protein per milliliter, rat liver

emmzyme contained 3.0 mg of protein per milliliter, amid

bovine liver emmzyme contained 10 �g of protein per
milliliter) were placed omu the colmmmn amid wem’e eluted
with 0.05 M phosphate, pH 7.4. Enzyme activity wa.s

determined as described for Fig. 2 antI in the text.

tyj)e of Cltl’\’e is immtlicative of a imonmotm’oi)ic

cooperative eli(’ct (26) , amid is imm keepitmg

with (Inta l)ubhislm(’ol fom’ otimem’ enmzvmne sys-

temmms ( 27, 28 I . 1mm time pu’esemmce of 0.33 uum�s1
cyclic 3’,S’-.\’uI P om’ �)‘-A\1P, a imypeu’bohc
cum’ve is oi)tainmed, imndicatinmg that at lo�v
conmcemmtn’ationms of NAT) time ademmimue umucleo-

titles mmuam’kedlv enuimammce time enizvmmme activ-
ity. Whmenm time data am’e plotted iti a (lOul)le-

i’ecipu’ocal fom’mmu, a umonulimmear m’elatiommship is

obtaimmed mm time absennce of adenninme nucleo-

tides, while mm timeir pu’esemmce the plot is

hiumear. Time appau’enmt K’,,, fom’ NAI) in tim(’
absenmce of nucleotide \i’as founmtl to 1)e ai)OItt

2.0 mum�r, bitt imu time pm’esemmce of cyclic 3’S’-

Fic;. 4. Plot of velocity vs. .\‘.-l 1) commceimtralio,m for

mat brain glutamate de/mydrogeimase iim time absence and

presence of cyclic 3’,Y-.IMP or .5’-.! .hlP

Enmzvnue ad ivities were delermumed mis descrihetl

for Fig. 2, at 1)11 8.0, 25#{176},and varyiimg t’oiicemit rat ions

of NAI) as indicatetl. The fimmal commcemmtratiomm of

cyclic 3’,5’-AMP (A-A) or 5’-AMP (�-�)

was O.:33 mit. ----�, no adenune nmmcleotide

present.
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AMP 01’ 5’-AMP time appai’enit values were

approximmmately 0.5 mmmi and 0.4 umm�r, i’espec-

tively. Fm’iedemm (2) reported a value of 2.0
mmm� lou’ time activatiomm coumstaumt fom’ NAD

with i)oviume hivem’ giutanmate dehydm’ogenase

amud atm apparent K’m of 0.09 m�x for NAT)
in time presenmce of 5’-ADP.

Figun’e 5 shows curves obtaitmed when

kinmetic data am’e plotted accordimug to the
Hill equat-ioum (26(,

log � V = a log � + log K

wimem’e 1’,,,, r, kS, a, ammd K am’e maximal
velocity, immitial m’eactioum velocity, NAT) con-

I I I
0 0.2 0.4 0.6 0.8 I 0 1.2 1.4 1.6 1.8 20

Log [NAD] x 0 ‘� M

}mu. 5. 7’he data of Fig. 4 plotted accordumg to the

emprical Hill eqmiatioim

iI(i adenimme miucleotutle present

A-----A, in time presence of cyclic :3’,s’-AMP;

U--U, in the PI’eseii(’e of S’-AMP.

cenmtm’atiomm, a eoummplex fummctiomm of an immter-
actioun coefficiemmt amud time nmumber of binding

sites, anmd a comimplex equihibriunm couustant,
respect ivelv. Time value of in = 2.05 for the

slol)e of tine Hill plot iuudicates timat at least
2 mmuolecuhes of NAT) bimmd at differeumt sites
to exhibit a houumotm’opic cooperative effect.
The himmean’ olouble-reeipm’ocal plots obtained
in the presenmce of imucieotide activator and
a vahme of a = 1 .0 lou’ time slope of the Hill

l)10t inn ‘i Imu l)n’t’s(’nm(’e of nmuck’otide immdicate
tIma� cyclic 3’,S’-A’ulP or 5’-AMP prevemmts

intei’actioum 1)etw’(’enm NAD sites. As simowmm

mm Table 5, tine ntncleotides were ineffective
itm aeti\’atiumg tine enuzymmue at [)H 6.5, amid at

this pH tiue double-m’ecipm’ocal plots of \‘C-

locity i’s. NAI) eommcemmtu’ationm were liumeam’ mu

timt’ absenmce of muincleotide. In additiomm, at

i)H 6.5, time slope of time Hill plot was fouuud
to be 1.1 mu the absence of activatom’. Timese
results suggest amu abscmmce of iuuteu’actiomm

betweemu binding sites for NAT) at I)H 6.5.
1mm om’dem’ to examiuue the possibility timat

associatiomu-dissociation mecimanisms may he

imuvolved mm activationm of i)rain glutammuate
deimydu’ogemmase by cyclic 3’,5’-AMP, the
emuzymmme (0.3 mmmg) was placed omu liumear
sucm’ose demmsitv gradiemmts at pH 8.2 inn time
abseumce aumd presenuce of the cyclic nucleo-
tide amid was cemmtu’ifuged at 175,000 X g for
6 hr. Time results (Fig. 6) suggest that, at.

pH 8.2, the emuzyme sedimemuted at a rate
simmuilar to that of catalase (mol wt 2.5 x

100) inn botim time iresemmce and absemmce of
the miucleotide. Timese observatiomms are jim

FIG. 6. Elmition pattei’ns for brain glutamate dm’-

hydrogenase fronm smici’ose o/ensity gradients

The linear sucrose gradients were preparetl mis

described in the text. Enzynue (0.2 ml eontainimmg

0.3 mg of protein) wa.s applied to each gradiemnt:
#{149}-�, pH 8.2, imm the absence of activatoi’;

A-A pH 8.2, in time pi’esemice of 0.33 m� cyclic
3’,5’-AMP. The enzyme activity of the contemmts of

each fraction collected was determined at p11 7.4

with 0.33 mu S-AMP iii the reaction mixture as

deS(’rui)ed fon’ Fig. 2.
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keeping with those of Frieden (29) for the

bovine liver enzyme and indicate that acti-
vation may not involve association of the

2.5 X 10� mol wt monomers. The elution

pattern of relatively concentrated brain
glutammuate dehydrogenase (3.0 mg/mi) from
a Sephadex column (Fig. 3) indicated that
the enzyme was aggregated into units larger

than 2.5 x i0� mol wt, but when 0.3 mg of

eumzynme protein was subjected to sedimenta-
tion velocity studies (Fig. 6) , a molecular

hVeight of approximately 2.5 X 10� was

obtained.

DISCUSSION

In these studies, some degree of specific-
ity was noted in the ability of 5’-AMP or
3’,5’-A�IP to enhance the m’ate of oxidation

of glutanmate, iumasnuuch as 2’-ANIP, 3’-
AMP, and cyclic 2’,3’-AMP were ineffective
in augmenting oxygemu uptake. The stimula-
tion of a-ketoglutarate oxidation by brain

hounogenatcs may be explained by the rapid
conversion of this substrate to glutamate

by transaminatioum. The ability of cyclic
3’,5’-AMP to enhammce glutamate oxidation

by homogenates was found to be somewhat

SI)ecifiC for brain tissue, simuce this nucleo-
tide did mmot increase glutamate oxidation by

heart or testis homogenates and evoked only
slight stimulation of oxygen uptake when
liver or kidney preparat.ionms were studied.

With the partially purified enzymes from
liver, kidney, and brain, differences were
observed in the degree of activation by
muucleotides, in the elution pattern from
Sephadex G-200, and in the apparent K’m

for NAD in the preseumce of adenine nucleo-
tides. These findings lend credence to the
conucept that time glutammuate dehydrogenases
fm’om liver, kidney. aumd brain do not have

identical properties.
The data presented mm Fig. 4 and Table 6

show that cyclic 3’,5’-AMP and 5’-AMP
decreased the K’m for NAT) from 2.0 m� to
‘0.5 m� and 0.4 m�, respectively. However,
these nucleotides did not appreciably alter
the maximal velocity (V,,,,,) of the reaction.
A number of investigators have found brain
NAD levels to be approximately 0.2 m�
(30). At that concentration of NAD the

#{149}enzynmewas found to possess little activity

in time absence of activator and was fully

active jIm the presence of activator. It has
been reported that NAT) levels in the liver
are considerably higher timan in the brain,
i.e., 1.0 mM (30) , and PreliminarY evidence
indicates that at that NAD concentration
the liver enzyme possesses considerable ac-

tivity. Although time concentrations of other
activators and immhibitors in these tissues
must he considered, timese results suggest

that regulation of glutamumate dehydrogenase
by adeumine nucleotides may be more im-

portant in brain than it is in liver.
It has been suggested that inhibition of

bovine liver glutamate dehydrogenase activ-
ity by diethylstilbestrol (31 ) , timyroxine
(32) , or NAI)H (2) mmmiglmtbe related to the

dissociatiomu of the enmzymatically active
umuolecule (nmol w’t 10�) imuto immactive units
(rnol �vt 2.5 X 10�) However, timis dissoci-
ationm nutty muot he related to inhibitiomu, since

Rogers, Hchlerman, anti Tiuonmpsoum (25, 33)
reported a molecular weigimt of 2.5 X 10�
when time emmzynme was mnarkedly activated

i)\’ niietimyhummercuu’ic hrouuuide. In addition,
Friedenm amud Colmaim (34) huave suggested

that activatiomu of bovimue liver glutamate
deimydm’ogenase nmay inmvolve commformational

changes imu the nuommonimeric form of time

enzyme. The results presenmted in this paper

for rat hm’aimi glutaummate dehyclrogemmase show

that in time coumcemmtration range used for en-

zymatic assay, the enzynmc is dissociated into
units of about 2.5 X l0� mol wt mm both the
absence amid pn’esenmce of 5’-AMP or cyclic
3’,5’-AMP.

Mauudei aumd Ham’tim (35) demonstrated
that time level of 5’-AMP in rat brain may
vary between 0.025 ammd 1 mmm�, depending on

the pn’ocedimn’e used to kill time animals, and
suggested tiuat time mmormumal level of 5’-AMP
in brainu is appn’oximately 0.025 m�r. It is of
immterest that time results m’eported herein
show that 0.025 nmm�r 5’-AMP appreciably
enhaumced glut amate deimydrogenase ac-
tivit.y; imowever, commsiderabhy higher con-

cemmtu’atiomms (Fig. 2) were required for maxi-
mal activation. Cyclic 3’,,5’-AMP enimanced
the rate of oxidation of glutamate by brain
preparations omuly slightly at conucentrations
as low as 0.033 m�i. This conucentration is

relatively close to time level of cyclic 3’,S’-
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.A.\I P n’el)om’tc(I ion’ n’al)i)it com’t(’x siiv’es fol-

1o�vinmg a bn’ief inneubationm uu’it ii mmon’epiIme�)im-

n’imm(’ mtnm(l tiieoplmvilimmt, i.(.. � 0.2 mim.’ii ( I 4)

1)t1 t is (‘onmsm( Ien’ai) iv hnigln’n’ t Immimn t itt’ n’epou’ted

nion’mimai lt’�’t’l o 0.00! mimM I 1 4. 23, 24) . At
(‘ommcemmtm’atiomns of 5’-.\�\1 P 1)110w’ 0.1 mmmM,

mttl(hitiOmi of 0.025-0.1 nii�’si (‘\‘(‘iic 3’S’-AMP

I )n’Odmt(’(’( I ann atidit ive ef!’ect on glut animate
OXI( tat iomm amn(i glut animate (1(’ily( in’og(’nmase tic-

ti\’ity. Fu’ommm tinese i’estilts it would mu1)i)(’umm’

t mat- at- commml)mtm’al)l(’ eonmcenit mat ioins cyclic

3’,S’-.-\\I P is not as effective mt�. 5’-.\�\I P itm

(II hamnt’inng 1)u’mumi glut ammmate ( lehny(.I m’og(’niase,

i)ltt time (‘fleets of t iie (‘\‘CliC milnt’l(’oti(le umiay
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