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SUMMARY

Entzymatic synitinesis anmd isolationm of fluoromalate with a tenmtativ(’ly assignied (- )-

eryt/n ro conmfi gurat-ion is described. Fluoromalat-e inthibit s purified malate delnvdn )g(’nmase
(K1 - 13 or 16 ,�.ii) but has n-to (‘ffeCt on-i the oxidation of pyruvate anid succinmato’ by liver

mitochondria, indicatinmg that fluoromalate do(’s nmot penetrate tin(’ inmnner mitocimoinmdrial
membramme. ()xidationm of extcrnmahly added L-malat (‘ is reversibly i nmhibited by fluor )malat (‘

who’ni ti-iclatter is pr(’sen-itat imighmcr concentrat-ionms thanm malate. Oxidation of tricarboxylic
acids antd of a-ketoglutarate is greatly increased under state 3 conmditions by fluoromalate.

The rate of cit-rate-isocitrate tranmslocation in-innitochondria is actiVate(l by fluoronnalate to

time sanw extent as the rnetabohisnt of tricarboxvhic acids. It is concluded tinat fluoronaiate
comp(’titively inhibits tino’malate carrier and activates ti-iccarriers of tricarboxylic acids

antcl of a-ket-oglutarate.

INTROI)U( TION

Based onm it-s imigin potentcy amid relativ(’

specificity, fiuor �-( nxalacetate appean ‘ci t
be a suitable tool for thn(’ study of tin(’

regulatory n )le of ntalat(’ clehmydrogenias

(EC 1.1.1.37) mi cellular and subcellular

systents (1, 2). Altinougin in-i short-term

(10-15-mini) exp(’rimenmts is-it ii isolated mit

cimondria, fluoro-oxalacetate can-ibe success-

ftnllv applied as anm inmimibitor of malate
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dehyclrogenmase (3), its use is complicated by

nnonennzynmat ic decarb nxv lationm to flu �ro-

pyruvate (4). Accordimng to Gal (5) anmd

Krasmma (6, 7), n)L-eryt/nro-fluoromahc acid

inthiibits malate deinydrogenmase competitively

(K1 = 34 ,�in). \\inereas tine inhibitors- effect

of DL-erytlnro-fl u( nromalat (‘ ont malat-c’ cl imy-

drogenmase appears to be about 100 timnes

weaker tinani tinat of fluon n-oxalacetate

(K1 = 0.1 �sn; ef. ref. 1), its great-o’r stability

may outsv(’igh this disaolvanntage anid could

nnake it suitable for inihibitionm of malate

dehycirogeniase mm subcellular ntult-ic’mnzyme

syst(’ms. These connsiderations led to a rein-
vestigationm of tlie bi )ch(’mical properties of

fiuor )malate.

1�revious ivorkers (5-7) employed tine
raco’mnmic nnixture of tine erythro diastnreo-

isonw’r of fluoromaiic acid! as enzyme

inmimibitor. mm ord(’r to avoid th(� unmcertainntv
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2 We are inmdebted to l)r. W. Stoeckenmius for

electroni microscopy.

mitn )duced by t h(’ J)� )ssibld’ imtcrferemnce of t lie

It( )I1i I nhnibit )rv ()pt.ical isoni(’r, iVe 1)rePar(’(l

( - ) -erg/li io-fl u )r( mahic acid! enizymaticahly.

The pr(’s(’nit i�ai�er is con-ic(’rnted ivitin (a) thm(’

nli(’tlnO(l of (‘nzvnat-ic synltim(’sis of (-)-

(‘ry/hro-fluoronalic acid, (b) its eff(’ct omt

purifi(’d nalate (1(’I�dlrog(’nmas(’ (cf. ref. 1),
and (c) its effect onm certain metabolic

activities of isolated rat- hiv(’r mit neimondria.

5IATERIALS ANt) METHODS

Crystalline finnin )-( )xalac(’tic aci(I was Pr(’-

pared amid purified as di(’scribed previously
(4). NAIY�, XAI)P�, commn’rcial yeast

alcohol dehydrogemmas’ (EC 1.1.1.1.), rnalate

deinydrogenase, anmd isocitrat(’ deinydrogenase

(EC 1 .1.1 .42) were purchased fromi

B )ei nring(’r Company. Purifi ‘ci ox kidnmey

malate deimydrogenmase was isolated by a

published method (8). Quantitative ania-lvsis
for fluoro-oxalacetate is-as based on thn(’

determinationi of absorbanmce at 240 nnm,

inm(hicating the amount of enol-fluoropyruvate

(I(’riv(’d fron-t fluoro-oxalacet-ate by de-

carboxylationn is-it-i-iAl� (4). 1)etails of timis

assay will be given untder RESULTS. Fluoro-

malate was di(’t(’rmined by a colorirnetric

met hm(no! for imvd roxycarboxvlic acids (9) as

modified subsequemmtly (10). Spect rolnimoto-

ntetric assays is’ere carried out mt a Gilford

muit ich anmmiel r( ‘C( )rclintg spect rophmot om(’t(’r

or mt a Unicam SP-825 double-beam imistru-

mm’nt. Fhm(’ rate of nmitoclnonclrial conversionn

of cit rate to iS( cit rate svas fohlosv ‘(1 mt ant

Amin-ic )-Cianmc(’ ciual-wavelenmgt-hm spect ro-

pinotomneto’r equip��’ci ivithn a log coniverter,
by nnonmitorimmg n’xtrannit-oehnommdrial NADPFI

formationt imitim(’pr(’s(’ntc(’of externmallv added
1St )citrate cliinydrogo’nase anmd N AD P�.

Waveleimgt.in settinigs w.ere 374 antd 340 urn.

Details is-illbo’ given ummcler RESULTS. Oxygent

upt ak(’ by mit ocl-i)nmdiria was determined
(‘it-herin a Gilson oxygraphi or, inn n-i-torej)ro-

lonmged experintennts, mt Gilsonm respironteters.

Rat liver mitoclmontdria 55�(q�(� prepared iii a

sucrose-mammnint 1)1-bovine serunt albumini
rn(’dliunt by differential c(’nmt-rifugationi (11).
Tineir functional integrity svas controlled by

tine determinmation of oxidative phnospiiorv-

lat-ive o’fficienicy svitln glutamate as substrate

(P:() = 2.8-3.1 ivas acceptable) and by

occasionmal exaniminiationm svit-hm thin’ el(’ctront

nMcnoscop(’.2 Absennce of nnicrosonal comi-
tanninmationm is-as t(-’St(’dI by glucose 6-pinos-

phiatast’ (EC 3.1.3.10) assays.
\l alate dlelnvdlr( )g(’m-tas(’ activity svas as-

say(’d at 25#{176}bothm by tln(’ reduction-i �f

oxalae(’tat(’ by NAI)H am-ic! by thn(’ oxidationm

of L-malate by NAD’. Tnt 1 hn(’ second assay,

oxalacetat (‘ svas remi )\‘( (1 by couplinmg nualate

oxidat bum to glutannat (‘-( )xalac(’t-ate tranms-

aminmast’ (FX’ 2.6.1.1.) obtainmed from
Boehriniger. It was ascertaimied mt s(’pan ate

(‘xj)(’nimimenmtsthnat fluoromalate at thn(’ com-

cent na-tinnis usenl had nmo effect mt time

tramisamimiase act ivit V.

lint’ n’volutiomm of ‘�COz front labclc’ci sub-

strates is-as measured in Gilson differential

respiromet ers by absorbing n4(’(J., iii 0.2 ml

(if Hyaminme hydrochloride placed mi tine cent-

t.er wo’ll. liii’ mn’tabnnlism of mitochnonulria wa-s

Stopl)(’d by thi(’adl(lition ()f 0.15 ni-ilof 70%

j)t’rchmli Inc acid fri an tine side arm, an(i
inmcubationm ivas conmtintued for 15 i-i-tin-ito allow

quanmt-itative t-rappintg of 4C02 . l�adio-

activity was (letermini(’(l by scnmtihlation

coummting in-i a mixtunme conitainiinmg 0.3 %

2 , ;)-dipim(’nmvhoxazole ant(l 0.03 % /)-his{2-(5-

phu’nyloxazolyl) jbentz ‘nme int t( )lllent(’. A
Packard Tri-Carb inmst rumenmt, model 3375,
ivas used for scinmtillati )nm c )unmtimmg.

HESU LTS

.Lnzyun-atu Synlltesi.’ oJ (_ ) (�)�/J//) to-i luoro-
inalate

St(’r’( )S1 )ecific I( ‘(luct i()Ii (if flu( )n( )-( xal -

ac(’tat(’ by NADH svas carri(’(l out by rnalat-e

deiiyclrogemmase. 1mmthis syst(’mn, NAI)H ss-as

continmun( )usly gemnerat ‘ci by aicoh l olehnv-

(lrog(’mtas(’ plus N AD� an-ic! ethanmol.

Reaction- s�jstein. Fomnr nmillihit-ers (if pig
hneart malate deinyolrogemmase [Boehringer; 5

mg of proteinm per miiiiiiter mm 3.2 M

(NH4)2S04] anmd 2 nih of y(’ast- alcuhmol

dehyclrogi’nase [Boehrimger; �3O mug of j)�( )t(’ilt

ler milliliter mt 3.2 ii (NH4))SO1] were
dialyzed at 40 against three successive

batches of 0.1 M Fris-acetate, 1)H 7.0 (each

batcim cnnnitained 2 liters), for 4-6 inn in

order to rernov(’ excess (NH4)2S0
Fluoro-oxalacetic acid (1.6 g, 8.6 mmoles)

ammo! NA1)� (0.460 g, 0.7 nnnol(’) ivere dis-
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SoIv(’d in-i 200 nil of 0.1 in Tris-acetate buffer

and tit-rat(’di to pH 8.20 with 1 N NaOH.

One milliliter of tins solut ion-i was set aside

for det-erminmation of tin(’ sponmtanieous rate of

decarboxylatioi of fiu )ro-oxalacetat(’ (4).

Timis rat-c served as a conntrol for thn(’ dl(’-

terminmationt of t-hm(’ rat(’ of enmzvmiiatic reduc-
tion of fiuoro-oxalacetat.e to fluor )rnalate

(see Fig. 1). Dialyzed malate deimydrogenase

and alcohol dehydrogemmase iver(’ t-hmen added
to the react-iou mixture (total volumm’, 210
nnl, containminmg 41 mit fiuor )-oxalacetate,
3.3 mit NAD� plus NAI)H, 1.6 ii ethanol,

0.095 mg/n-il of malate deimydrogenas(’, amid

0.29 mg/mI of alcoinol deitydrogentase). Time

reaction mixture svas kept at 20#{176},anmd tint’

progress of tine r(’actiont is-as nnonmit-ored by

spectrophotometric anmalysis of tine disap-

pn ‘arance of fluoro-oxalacetate as follosvs.
Samples (10 j.mI) of time r(’act-ion mixture were

added to 3-mi cuvet-tes of 1-en-i light I)athm,
maintainmed at 40#{176},an-id conmtainmimmg 3 n-i-il of 1

N formic acid. Time backgrounmd absorbance

at 240 nm was recorded for a few seconmds mm
a Unicam SP-825 sj)ectroj)hnotomet(’r, amid 20

J2l of 1 ii AlCl ss-ere added. Wit.inint 1 nmiit,

maximal absorbanmco’ was reacine(l at 240

mnmn, ivimichi, as sinosvmm previously (4), w.as

due to t-hn(’ entol-fiw )ropvruvate 1 irmecl from

t-hn(’ A1#{176}-cat-aiyzecl nlecarbnnxyhationi of fluoro-

oxalacetat-e. By ext-rapolatiomt fronni tine

relatively slow rate of enmol-kc’to conmy(’rsionm

of fiutor pyruvate, tine conmcent rat iou of

finn )ro-( )xalacet-ate presennt at zero time could

be readily det-ernninned (4). Apparc’nit first-

order kinetics for the nate of fitnoro-oxal-

acetate conmsumpti( am was f ummd (hiring tine

first two lnalf-hivo’s o�f tine n’n’actnn am, as nlt’nnomt-

strated by plotting of the logaritinnn of

absorbance (at 240 nnm) againnst- time (Fig.

1). Tine upp(’r curve illustrates the rate of

sponitanmenans decanboxylation of fiu )ro-( )xal-
acetate iii thn(� a-bs(’ntC(’ of mnmalate deinydro-

gemmase am-ic!alcohol dehnydrogemmase, ivhniletime

losver curve is am inmdicationm of entzvnnatic

re(luctioni of fiw nm - xalacetate to flint iro-

nnalat-e.

Isolatwn oJ flu aroma/ic acid. -\.ftn� tine

reaction mad proceeded for about- 4 hir, svinn’ni

tine est-imat(’d comnsunnptionm of fiu in )-( )xal-

acetate r(’acined 90 % , it ivas terminated by

passinmg tine ro’act in an nnixt ur(’ t inrougi m an

Ammconi membranme filter (No. P\1-30) at 4#{176}.

n.o

0.2

.-.-..----------------

I I I

Fmu. 1. Kinetics of fluoro-oxalacetaic disappearance (luring enzymatic sy�� thesis of (- ) -eqjtl ro-fluoro-

malate
The upper curve (�-�) is the control containing no ennzymnmes, am-id the lower curve (0- -0)

represents the complete systenn. For details, see MATERIALS AND METmn0DS. The ordinate represemmts tine

absorbance of the enol _flunoropyrunvate_A1l+ complex, mmmd time abscissa, tunic mi mmmimiuntes.
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FnG. 2. .Vuclcar magnetic resonance spectrum of
(- ) -cryth ro -fluoromalic acid in 1)20

TI-ic spectrunn was recorded wit in a 100 MHz

Jeol spectrometer. Tet ranm(’thlsilanie was used

as an internal standard.

Con fiquratwn of eltZ!JmatiCally S!JntheSized

fluoromalic acid. Sinmce tine conmfigunation of
the inydroxyl center is knnoivnt to be i� from
time stercospecificity of malate dehnydro-
genase, an-id the erythro conmfiguration has

been-i established (7), tine most probable
structure of enzymatically synthesized (- )-

erythro-fiuorontalic acid is according to the

Ji�ischer convenitiont antd is

COOH

H-s-F

H-�-OI1

COOH

Acconclimig to tine H/S itomenclatur(’, this
acid is 2R-3R-2-fluoro-3-invdroxysuccinic

acid.3

Inhibition of �iIalate Deli ydro�jenase by (- )-

erythro-Fluromalate

Inhibition of ox kidney cvtophasmic

inalate deinydrogenase is sinosvnt in Fig. 3.

The imydroxyl cent-er of L-nfltliC acid is desig-

nated S in the H/S system, but introduction of a

fluorine atom on the adjacent center alters the

priority sequence of the groups aroummd the hy-

droxyl center armd cimamiges the designation to It.
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lh(’ m(’taimi(’(l (‘nmZVmmi(’ iva.s r(’covo’nedl anid us(’d

againn fan a subscquemtt batcin.
Tine hIt-rate (200 ml) isas stirred for 45

miii isritin activat-(’dl charcoal (Xonit, S g).

(Inarcoal adsorptiont rennoved 95 %- of tine

material winichi absorbed at- 340 nm. Norit

ivas renlov(’d by filt-rat ion-i.

To thit’clear, colorless filtrate, 43 nnl of 1

.sn lead acetate solution 55.(q.� added, and th(�

pH was adjusted to 6.0 witlt 1 N NaOH. A

white precipitate, consisting of tine crude
lead salt of flitoronnalate, was removed by

cen-it-rifu ga-t 1( mm. lint’ removal of fiw iromalate

as tine h’a(I salt is-as montitoreci by colon-

metric analysis for fluorornalate mm tine

supernnat-ant solution (9, 10). Tine lead salt

prc’cipit-ate iva.s (hiSsolv(’d by the addition
of 14 ml of moiSt 1)oivex 50-H� (13 g). Tine

slurry (connsistiimg of Doivex 50 resin-i) ivas

roured on a 1)osvex sO_H+ colun-tnt (50 ml,
44 g) amid eluted witim (!istill(’d water ummtil

tine pH of the effluent- rose to 4.0. Tine
(‘ffluelmt (50 ml) isas filtered througim Cehite
ammcl evaporated to a brosvn syrup unmder

vacuum. An acetonie (‘xtract (15 nm!) of time

syrup was filtered aitci evaporated to dry-

niess, 1’avimmg a sen-ticrystallin-ie product

(0.403 g).
Purification- and characterization of Jluoro-

ma/ic acid. Tine combino’ci products of five
enizymat-ic syntheses yielded 2.63 g of crude

fluoromahic acid. Recrystallization-i front

ethyl acetate (10 n-il)by addition of benzeite

(10 ml) yielded 1.27 g of whit-c, crystallinme

Solid (m.p. 159-159#{176}). Concem-ttration of

flit-rates gave ant additional 0.44 g. Based on

tine con-ibinted weight of starting material
(S g of fluoro-oxalacetic acid), five prepara-

tions produced 1.70 g of crystalline fluoro-

mahic acid, or ant over-all yield of 21 %.

C4H5F05

Calculated: C 31.55, H 3.29, F 12.50

Fouind: C 31.64, H 3.21, F 12.20

The infrared spectrum nteasured mt KBr

(!iscS, slioiseci peaks at- 2.9, 3.3, 5.8, 7.0, 7.4,

8.0, 8.4, 9.1, 9.9, 10.5, 11.6, 12.0, 13.0, 13.7,

antd 15.2 �. The specific rot-at-ion of tine

i)rodluct (in 23 %: etinanol) is-as - 2.3#{176}.
Tho’ NMH spectrum of (-)-eriji/,ro

fiuoronnaiate is shosvnm inn Fig. 2.
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Fm c;. 3. Kinetics of in/n ilii!io� of inala Ic (Ic/n!/(lr01Ie11(1�( by (- ) -erg/h ro -fluoronnalute

A. Incubatnoni mnixt nnres (3 mmml, 25#{176})comitaimmed 0.2 mmiim NAIl I, 0- 24 MM fitnoromimalate (F-Mal ) , amid 5

�g of 1RiFi fled cyt( )plasmnuc mal ate dehydr( (genmase (5) i mi 0. 1 M Tris -I 1( ‘I buffer, p11 7.4, wit fit xal ned Ot C

(OAA) as tine variable substrate. �1)sonl)anice cimamiges at 340 nun were reel (m(le(l at a semisi t i s’i I V (f (1 1 0.

B. Immcmmbatiomi nnixtinres comnprised 0.5 main NAD+, 0-33 Jul fjIn((ronnmalate, (l�-Mal). 1 mnm� glinlamniate,

5 �g of glutamat (‘-oxal:mcet ate trammsanmi muse (B elmriniger) , amid 5 � of pnnm’i tied yt��lnsminie nmialat n’ (Ic-
inydrogenase (8) in 0.1 M Tris-! IC! butler, 1)11 7.4, with mnmmlat e (Mal ) as I inn’ variable snibst rate. Ab-

sorbance imncrements at 340 minimwere measured at a s(’misitivitV of 0 -0.2.

Wi nent the r(’actionm ssas nw’asured front tIne

oxalacetate side (i.e., NAI)H + oxalacetate),

at pH 7.4, at-i apparentt ummcompetit-ive type

of iimiiibitionm by fiuoronnalat-e was obtained,

witim ann apparemmt K1 of 13 �csn (Fig. 3A). On-i

tine other hnannd, svhnen the i(’action is-as

nneasured from time malatc side (i.e.,

malate + NAI)+), also at pH 7.4, coin-
petitive inminibitiont svas observed, witlt ant

apparent K, of 16 .�.ii. i)etailed tsvo-substrate

kinetic anal�’ sis with n reSpect to coentzymne

and carboxvlate substrates is-as not- carried
out- because tine purpose of prelirninmary

kinetic anmalvses ivas to compare tine effective-

ness of fluoro-oxalacetate (1) antd fluomo-

malate. Accordinng to these results, fluoro-
malate is about 150 tin-tn’s hess in-ihnibitonv
than fluoro-oxalacet ate mnnnder comimparablc’

conditions.

Effects of (- )-erytlnro-Piuuromalate on Liver

Mitocllon(lria

Because of its in-tunibitory effect on-i malate

dehydrogenaso’, fluoromalate, like fi inoro-
oxalacetate (3), ivould be expected to inmi-iibit

the metaboiisnm of substrates svinichn are

oxidized by tint’ mitocinomndniai eitnic acid

cycle. Pvruvate oxulationn isims measured

under state ;3 commditi( ans im tine �( )ian( igrapi lie

syst(’mn (Fig. 4), amnd inn \Varbung respino-

meters for more proiomnged (40-minm) p’nio(!s

(rIlabl(� 1). inn tine polarograpimic systenmi 1-
minim fluoromalat-e mad no mnn’asumabl t’fh’ct

onm 02 uptake in t lie j)rn’sennce of 2 mit

l)Yruvat-e as substrate. Tine rat-es 0 O� iii)-

take and b4(’()) ev )iuti()n fnonm S nmtin ummi-

forninly ‘4C-labeled pyruvate, as nuensurt ‘d inn

respirometers for 40 minn, isere also uni-

affect-ed by up to 10 nmii fluoronmmalate.

Win’nm [1, 4-’4Cjsuccinnate (5 mit) and tint-

labeled J)yruvate (2 n-i-tin) iveme ((xi(hz(’d

sintultaneoushy in Warburg r(’spir( un ‘t-t’rs by

muitochnondria, neither the 02 uptake mom tine

m4C02 formation rate was signnificanmt ly in-

hnibited event by 10 mm fluorornalate (Table

2). These result-s inmdicate that fluor Innalate

did inot penetrate tine inmwr mitocinomndrial

membrano’.

Time oxi(lationt of other carhoxvlie acid

substrates was also dl(’t(’rnnnme(l in the

pres(’umce of fluoromalate unmder st-ate 3
metabolic connditionis. As shnownm imi Table �3,



Mito ADP Pyr F-MaI

1�1 I I

I02��boms 02

Values corrected for endogenous respiration.

TABLE 3

Rates of oxidation of carboxylic acids in the presence
of (-) -erythro -fluoromalate

Rates of 02 uptake were calculated from
polarographic experiments as described in the
legend to Fig. 4.

Carboxylic acid
substrate (2 mM)

Rate of oxidation

M

2 x 10�
2 x 10�
1 X 10�
I X 10�

No With
fluoromalatefluoromalate (1 mM)

nmoles/min/mg
initochondrici protein

3.7 16

3.7 29

6.8 17

1 Citrate
2. Isocitrate
3. a-Ketogiutarate

4. Maiate
5. Pyruvate

15.0
6.7

0#{176}

6.7
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Values corrected for endogenous respiration. Fluoromalate (4 mmm) was present.

rat-es of 02 uptake ssitimcitrate and isocitrate

(bothn 2 n-i-tin) were stimulated 4- and S-fold

by 1 mit fluoromahate, an-id tine oxidation-i of

a-ketoglutarat-e (2 mm) ssa.s about doubled

under the same (‘xperimen-ttal conditions.

The tin-ic course o)f time activation of the

metabolism of t-ricarboxyhic acids and of
a-ketoglutarat-e is illustrated in Fig. 5. The

T.BLE 2

Effect of (----)-erylhro-fluoromaiate on 02 uptake

and 14c102 evolution from oxidation of [1,4-

‘4Clsuccina/e in the presence of pyruvate

2 3 4 5 6 7 Incubation nmiixtures (3 n-il) comprised 5 m�
[1,4-’mClsuccinate (0.0160 JLCi/Mmole), 2 mr�n pyru-
vate, 0-40 m� fluoromalate, 9.2 mg of mito-
chondrial protein, 2 m�m ADP, and 10 m� pot-as-

sium phosphate in 0.05 M Tris-0.15 M KC1 buffer,
pH 7.4. Incubation time was 30 mm at 30#{176}in

Warburg respirometers, the CO, being trapped
in 0.2 ml of Ilyarnine hydroxide for subsequent
counting (see MATERiALS AND METHODS).

Mm.

Fmo. 4. Ineffectiveness of (‘- )-erythro-fluoro-

malate oTt- pnjru rate oxidation

Oxygen uptake (1mm microatoms, ordinate) was

determined with the aid of a Gi!son oxygraph,

model K, using a Clark elect-rode. The reaction

mixture (5 nil of 0.15 M KC1 pius 0.05 M Tris-HC1

and 0.01 M phosphate, pIT 7.4) was stirred mag-

netically and kept at 30#{176}by a circulating water

jacket. (‘omponents were added at the tin-ic in-

tervals shown: 8.4 mg of mitochondrial protein

(Mito), 2 m�,i A1)P, 2 m�n pyruvate (Pyr), and 1

or 5 m�t fluoromalate (F-Mal).

TABLE 1

Effect of (----)-erythro-fl-uoromaiale on

evolution from oxidation of [n4cipyruvate

Imicubationi mixtures (3 ml) comprised 5 mM

uniformly ‘4C-labe!ed pyruvate (0.016 ,sCi/1umole),

0-10 mM fluoromalate, 11.5 mg of mitochondrial

protein, 2 mmm ADP, and 10 m� potassium phos-

phate in 0.05 M Tris-0.15 M KC1 buffer, pH 7.4.

Incubation time was 40 mm at 30#{176}in Warburg

respirometers, the CO2 being trapped in 0.2 ml
of Hyamine hydroxide (methylbenzethonium

chloride, Rohni and Haas) for subsequennt count-

ing as described under MATERIALS AND METHODS.

Fluoromalate Oxygen
concentration uptakea -- 2

cpm

100 88,591

104 87,44!

102 87,599

110 87,114
106 87,285

I”luoromalate
concentration Oxygen uptakea n��2

.1! Ml cpm

140 4118
2 X 10� 145 4126

2 X 10� 146 4196
1 >( 10� 146 3707
1X102 128 3986
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Mito ADP Cit F-Mat

lit F�M�

ToIGF�MaI

Mm.

FIG. 5. Effect of (-)-erythro-fiuoromalate on

oxidation of tricarboxylic acids

The additions to the incubation were as follows:

8.3 mg of mitochondrial protein (Mito), 2 mM
ADP, 2 m� cit-rate (Cit) or a-ketoglutarate (aKG),

1 mM isocitrate (Isocit), and 1 m�,s fluoromalate
(F-Ma!). Experimental conditions were the same
as described in the legend to Fig. 4.

effect of fluoromalate was instantaneous and

depended on the preset-ice of both

orthophosphate and ADP (not shown).
In marked contrast to other substrates,

the metabolism of L-malate was inhibited in

the presence of fluoromalate at higher con-
centrations than malate (experiment 4 in

Table 3). The concentration-dependent, re-
versible inhibition of malate metabolism by

fluoromalate is further illustrated in Fig. 6.
When malate was added at 1 mrsl concentra-

tion, the subsequent addition of 1 mit
fluoromalate had no effect on 02 uptake, but

4 mi� fluoromalate inhibited malate metabo-
lism (Fig. 6A). Furthermore, the inhibitory
effect of 4 mit fluoromalate on tue oxidation

of 1 rnmi malate ivas conpletely abolished

is-hent tine malate contcemmt-ration is-as raised

to 4 mit (Fig. 6B). It is unilikehy tinat the

mitochondrial system which is responsible

for tine inhibitionm of n-talate metabolism by

4-fold higher conmcentrat-ionms of fluoromalate

than mahate is mitocinommdrial nnalate dehy-
drogeniase, which sould have been-i inhibited
according to the K value of 16 j�im. The

possibility that higi-ier concenmtrations of

fluoromalat-e could b(’ oxidized to fluoro-

oxalacetate, whicin migi-it subsequently inn-
hibit malate metabolism, is ruled out by tino’

time course of inthibition. It was found timat-

(- ) -erythro-fluorontalat-e was oxidized by

XAD� in the preset-ice of purified malate

dehydrogenase at less than 0.1 % of the rat(’
obtainted ivith L-malat-e as substrate. It

would have takeni a reactionm tin-ic of 3-4 fir

Mito ADP Mat F-Mat

11 1 1
Mito ADP F-Mal Mat

I I I I

i � ; 4; � 7

Mm.

FIG. 6. Effect of (-)-erythro-fluoromalate on

inalate oxidation

Measurements were made in the polarographic
system described in the legend to Fig. 4. The

additions to the incubation mixture were as
follows: 8.3 mg of mitochondrial protein (Mito),
2 m�t ADP, and either 1 mi�i maiate (Ma!) fol-
lowed by 1 m�i (- - -) or 4 m�n (-) fluoromalate

(F-Ma!) (A) or 4 m�t fluoromalate followed by
1 mM (- - -) or 4 m�t (-) malate (B).
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(at 25#{176})to pn )duce micr( )moiar conncenmt ra-
tionns of fluoro-oxalacet-ate inn tin(’ presenice of

a sol Ut ioin of purih(’d maiate deinydrogenase
amid a carbonnyl r(’agent to trap fluoro-

oxalac(’tate (at i)H 5.0). Sinnce tine iiihibitorv

effect of flw)romalate was inst-anntanneous

(Fig. 6), this cinaracteristic property of the

innhibitiomi it-self excludo’s tine possibility that-

slow mnetabohisnin of fluoromalate could Pro-

duce inhibitory fluoro-oxalacetate. Ti-ic in-

effectivemness of fluoromalate as an-i imnhibitor

of pyruvat(’ amid succinmate oXi(lat ion sinoived

that- fluoronnalate (lid not entter tine matrix

space of niitochonclria, ivinere ma-late dehy-

drogennase am-id fumarase are localized (12,

T.sun,E 4

lla1e.,’-� of isoeitrale c/flux front It err milochondria

with citrate (IS .Sltb,Str(mle

Tine suspenidinig nmedium inn all experiments
consisted of 10 mM potassiunn phosphate, 5 mit

MgCl2, 0.3 mmiii NAI)P�, 2.2 nmg of mmnitocimondrial

proteimn, 0.3 tug of isocitrate dehvdrogemiase. and

0.05 ii Tris-IICl--O.15 in KC1, p11 7.4. The react iomm

was started liv the addition of citrate, followed

after 3-4 taint liv flinoronnalate (see Table 5 amid

Fig. 7). The vol mmmc of the react jomi mnixt mnre was

3 mmml.

.�d(litions Isocitrate efflu.x

2 nn� citrate (±2 maim ADP)

2. 2 mmmii (it rate (±2 nmii Al)P)

+ 1.0 11-iM fluoromnalate
3. 10 mmii citrate (±2 mmiii Al)P)

4. 10 mit citrate (±2 nail Al)P)

+ 1.0 main fluoromnalate

5. 2 nnii citrate + 1 MM rotemmomie
6. 2 mmiii cit rate + 1 MM rotemnonne

+ 2 mit ADP

7. 2 mmmii citrate + 1 MM rotemiommt’

+ 0.1 mm fluoromalate

8. 2 mnM citrate + I �iM rotenomme

+ 2 mit ADP + 1.0 mit fluoro-
mnmalate

9. 10 rn� citrate + 1 �M rotemnomne

10. 10 mit citrate + I MM rotemione

+ 2 main AI)P
11. 10 m� citrate + 1 j�im rotemione

+ 0.1 mit fluoromalate
12. 10 mit citrate + 1 �im rotemmone

+ 2 mii A1)P + 1.0 nnM fluoro-
mmialate

13). These results also exclude tine remote

possibility that fluoroinalate may b(’ metab-
olized by mitocinontdria. A comparison-i of the

effects of fluoronutlate oni malate and pyrtn-

i-ate oxidationi is also simosvnm in-i Table 3

(experiments 4 aitd 5).
The mnost uniusual activating effect of

flmn( )ronalat(’ is-as observed ivimenm t-ricar-

boxvhic acids were oxidized by nitochonmdria

undo’r stat-c 3 conmditionts (Table 3 an-id Fig. 5).

Since this experim ‘utah Inodeh is complicated,

involving b( )tin anion-i t ranislocation amid

metabolism, a sinnpler system is-as applied

svhich m()re direct lv measures tricarboxvlate

emntrv antd exit in-i mitochontdria. As shmown by

(‘inappehl anid Hobimison (14), in-i ti-ic pr(’s(’nmce

of externally added isocitrate dehydro-

gennase and NAI)P� the rate of isocitrate

efflux (as measured by NAJ)PH formation)

is a direct- measure of citrate translocation

throtngin ti-ic innnner membran-ie. At a cinosen

sennsitivitv of tine dual-svavehenngthm sp(’ctro-

p1 lotont(’ter (..434o_374 = 0.1), intranniito-

cinoiidrial 1)Yridinie nfltch(’Oti(les do not inter-

fere amid tine rat-es of citrate-isocitrate

connversiomi by iiii toeh )nmdria cant be directly

_4CI? a/ion of citrate tran.s�port by varioo�4

eOnC(’fl Ira/ions of ( ---) -cry/h ro-fluorontalale

To ant imicuhat iomm nmmixture (3 mmml) c mnprisinng

2 nmu Al)P, 10 mmmii potassium phosphato’, 5 mmmii

Mg(’l2, 1 Mi! rotemiomie, 0.3 main NADP�, 1.8 mug of
mimitochonidrial protein, amid 0.3 nmg of isocit rate

6 1 (lehnydrogem1ase (Calhiochemim) imi 0.05 ii Tris-

1 7 0.15 ii KCI buffer, p11 7.4, 1.5 mmii citrate wasadded, followed after several mmnimiutes by the

(#{149}� addition of fluoromalate in time concentrations

1 6 imndicated below. Incubations were performed at
25#{176}in aim Aminco-Chance dual-wavelength spec-

2 �3 trophotometer equipped with a log converter at a

semmsitivity setting of 0-0.1 optical dennsit-y tout

7. i (-4�mo_.ai)

Fluoromalate concentration Rate of isocit rate exit

7.4 n,noles- minnig

1 . 7 . ,ni/oclzondrial proleziz

3.3 x i0-�

1 >( 10�

5 X 10�
1 >< 10� 7.6
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monmitored. Table 4 shoivs time rates of

isocit rate efflux under a variety of experi-
menmtal condititinis. There is-as signiiicantt

isocitrate efflux wio’n citrate isas add(’d

externally, even inn the absen-ice of an in-

hibitor of metabolism (experimemtt-s 1-4).
The only requirement for maximum citrate
trannsb )cation-i am-id isocitrate efflux was

ort h mph ospi-iat (‘ anmd fluoronnalat e, ivi nile

ADP under these conditions mad no detect-

able nflict-. \ariationi of th(’ citrate concenn-
trationn from 2 to 10 mist did n-tot nnodifv tine

rates ()f isocit rate efflux, anol 1 mit fluoro-

malat-e augnnent-ed time rate to the same

maximunn (experiments 1-4). When electron
trannsfcr is-as inhibit-ed by 1 .min rotenomme
(experinments 5-12), 1 mm fluoromalate in-

creased tine efficiency of maximal rates of
cit-rate-isocitrate conversion by about 10 #{182}�,
above ti-ic rat(’ determrned in the absence of
rotennonne’. It is apparent from this recon-

structcd system that under normal cell

pimysiological circumstances about S4 % of

cytoplasmic citrat(’, which enters mito-

cimonnoiria, could reappear in-i the cytosol as

Mm.

Fi;. 7. Speclrophotomeirie assay of citrate

entry info ntitochondria

Details of time incubation mixture are giveim inn

the legemu(1 to Table 4. Cit, (‘itrate; F-ma!, fluoro-

malate.

isocitrate and be oxidized to a-ketoglutarate.
It is of interest, but as y(’t untexplainn(’d, that

in tlne J)reseflc(’ (if rotenonne Al)P alonme mm-

cr(’ased citrate (‘mmtry by about 40 � (experi-
n�’ntts 6 amnd 10) but- had rio effect inn re-

s�)iring riitociionndria.

line relationishnip betsveemn th( ratt,s of

citrate tramnsport an-id thn(’ conncenntratiomi oif

fluoronalate i� illustrated inn Table 5. Above

0.1 i-i-nil fluoromalate, citrate tranmsfer was

maximal. The kinietics (if isocitrate efflux (or

citrate enmt-rv) is sinosvnm in Fig. 7, as recor(l(’(l
iii t in(’ dual-ivavelength spectrophotoneter.

DISCUSSION

1’nnzvnnatic synlthm(’sis of (- )-eI!Jt/?ro-fiuoro-

malate resulted inn a prochnct which ivas suit-

able for unmamnbiguous applicatiomn inn �‘nzy-

nnatic amid metabolic systems. Ininibitionn of

malat-c dehydrogenasc by fi uoromalate re-

sembles inmhibition of lactate deinydrogennase

by L(+)-fluorolactatc (15). Witin both de-

hydrogena.ses at fixed concentrationms of pyri-

dine nuclo’otidcs, tine fluorohydroxy aciol
exhibited competition tossard the hydn xy

acid substrate, but ivitin respect- to tine keto

acid substrate tine aI)parent inhibition was

uncompetitive. As shosvn inn more extcmnsive

studies with lactate deinydrogenase (15), K1

can b(’ a funmctionn of ti-ic concentrationi of the

scconnd substrate if tine inninibition is tmnn-

con-ipetitive; tincrefore tine samo’ K1 for

fluoromalate ivitin respect to both substrates

of malate dehydrogennase is probably a
fortuitous result an-id merely reflects experi-

mental values at- one given commcentration of

NADH (Fig. 3A).
Tho’ absence of aim inhibitory (‘ffect of

fluoromalate on-i the oxidation of pyruvate or

the pyruvate plus succinnate substrate couple

dennonnstrates that fluoronnahat e canmiot j)(’ne-

trate time in-in-icr membranme of mitochnonmdria.
These results cotnid not have beent obtained

if fluoromaiatc had foumid its way to mm-ito-

chondrial malat e deinydrogenasc, svi nid i

should inave beenn iniinibited in accordannce

isith tine K1 value of 13--lO gin. Similar coin-

clusionns isere olrassmn by (1hiappehl (16), wino

observed that fluoromalate (svinich is-as prob-

ably ti-ic symnthetic, un-in-solved product) did

not- innhibit isocitrate oxidation after lire-

linninnary incubation of mnitocinonidria isitht
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M. N. Berry and F. Runt, umipublished ob-

servat ions.

2 , 4-dinmitropinennol and arscmate. No stmmu-
lationn of isocitrato’ oxidation in-i the presence
(_)f fluoromalat (� ivas report ed under these

conditions (16). It- seems possible that the

absence of stimnuhation of 02 uptake by
fluoromalate could be due to th(- prior tro’at-

nennt of mitochondria ivitin 2 , 4-dintitrophenol

annd arsenate, reagents knosvn to interfere
is-ith various en(’rgy-coupled in-in-icr membrane

finnctionms. It- has been-i report-ed that tn-

carboxylate tran-islocation is an-i energy-

coupled process (17). Alternatively, the (+)-

isomers of racemic fluoromalatc or impurities

may have interfered wit-h ti-ic activating

effect. of (-)-eryt/iro-fluoroinalate, as re-

ported in the pro’s(’Imt paper.
The tivo apparently opposite types of

effects of fluoromalate on mitochondria-

inhibition of malate amid activation of tn-

carboxyhate and a-ketoglutarate met-abo-

hism-can be explained on the basis of the

modification of an-ion carriers by fluoro-
malat-e. 1)etailed molecular information re-

lated to tIe nature and function-i of these

annionn carriers is nnissing, although-i their
operational sigmnificance in metabolic regula-

tioni is well established (16, 18-20). According

to Chiappell (14, 10, 15), the pimosphate-

requiring dicarboxylate carrier is capable of
trannslocationn of both succinate an-id malate.

Our results sinois that fluoromalate ininibits
malate hut not succinate metabolism, sug-

gcst-inmg tine eXist(’nmce of a specific malate
carrier. Simnce mmonme of ti-ic anioni carrier pro-

t(’ifls has so far bcenn isoiat(’d, it is impossible
to (ieCid( isinether or nnot specific succinate

amid malate carriers exist, or ivhcther the

same carrier Prot(’in inas sites with different

affi mmities toivard various dicarboxylate
aniiomns. Tine seconid effect of fluoromalate-

tine apparent activation of the metabolism
of tricarboxvhic acids an-id of a-keto-
glutarate-can also be correlated wit-h the

operation of specific anion-i carriers. Botht the

tricarboxylate carrier (14, 16, iS, 19) and

time a-ketoghutarate carrier (20) are knmown

to be activated by malate; thus it is to be

eXl)ected that a structural imomologue of

inalate, (- ) -erytli ro-fluon imalate, has cf-

fects similar to those of malate.

Ti-it- inaccessibility of mitochonmdrial ma-

late dehydrogemiase to even high conncenitra-

tions of fluoromala-te implies that this fluoro

acid could be used as a Sp(’Cific inthihit-on of
cytoplasmnic malate dehydnogcnase in-i a cellu-

lar system. Furtiner studies with isolated

liver parcnchymal cells Inave intdiCat(’ol tlmat

this is tIne cas(’.4
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