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Adrenal cortex mitochondria are able to catalyze
zt least two reactions in the conversion of cholestercl
to corticosterone, nameiy the shorlening of the iso.
octyl chain of cholesterst and fae hydroxylation at

. C-11. These reactions are loczated in the inner mem-
brane mairix space of mitechondna [1--3] and require
z mixed function oxidation system for which MADPH
iz the donor of reducing equivalents. Since the mner

- mitechondrial membrane is impermeable to pyridine
macleotides J4] the enzymatic reduction of NADP
musi occur within the mairix space, This could be
bronght about by NADP linked dehydiogenases pre-
seni in adenul coriex mitochondria (NADP isocitraie
dehydrogenase for rat mitochondria and NADP malate
dehydrogenase for beel mitochondria [5]), if an ade-

guate supply of substrate is mainiained, One may ask
therefore whethey adrenal cortex mitochondria, simi-
larty to liver mitochondria possess transport systems

* for citric acid cyele intermediates to ensure the entry

of specific substrates for NADP dehydrogenases. The
presant paper pmv:des experimenial evidence for the

presence of malate, suceinaie and oxoghtarate ciriers.

" in beef adrenal cortex mitochondria, A preliminary ae-
- count of this work has been communicaied [6].

2, Materials and methods -

o Beef aﬂréma‘ii coTiex mitochondria were ?:epared .
as previonsly described [2] in a medium containing

L Pnésehi address: Pozitan University, Institute of Slology, .

0,27 M sucrose, 10 mM Tris-HT1. pH 7.4 and either
0.2% bovine serum albumin {BSA mitcchondria) or
0.5 mM EGTA (EGTA mitechondria). The v oe-
washee mitochondria were stered at 0° in a concen-
trated saspension {5070 mg protein/mi).

The entry of various anions of the citric acid cycle
was {ollowed either by reduction of endogenous pyri-
dine nucleotides or by swelling in the ammoniurn salis
of ths corresponding anions or by upiake of labelled
anons.

The reduction of intramitochondrial pyridiue nucleo-
tides was assayed with a double beam speetrophotometer
at 340374 nm [7]. In this assay, mitechondria were
depleted of cndogenons pyridine nucleotides by a pre-
incubation with FCCP {carbony] cyanide p-trifluoro-
methoxyphenyl hydrazone) and then sapplemented
with rotenoue 10 block the respiratory chain,

Mitochondrial swelling was followed by lighi scanter-
ing changes as described by Chappell and Crofis [8].
The veriation of exiramitochonirial pH corresponding
10 the uptake of melale was moritored poientiometric-
ally using a fast responding low resisiance glass elecirode
{Ingold) and a radiometer pH-me ter connected 1o 2
Servolrace recordsr,

The technique used for measmimg the kinetics of

7, anion uptake was thai described by Quagliaricilo et al.
{9]. The upiske was siarted by addition of " C-labelled

anion and terminated by addition of the specific inhiv-

 tor 110) and rapid centrifugation in a 3200 Eppendosf

centrifugs. The sediment was dissolved in 4% sodium

. -cholate and the 1adioactivity was detcrsnined by liquid

scintiliation. The **C-radivaciivity external 1o the ma- - '
i space was calenlated in 2 parallel assay where ihe

: mhxbﬂm was aﬁded hama’e the ¥ C—amnm
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‘3. Resuhs ‘

- (ol gomm MITCCHONDFRA Bl BSa MITCCHONDRIA

Twn ltyPE.b of mitochondrial preparation wire nsed - Rl - |
in these experiments: EGTA mitochondria and BSA
mitochondria. EGTA mitochondria differed from BSA
mitochondria in vosticular in that they are loosely cou-
pled and that their respiratory cesriers are more oxid-
ized, probably becanse they are paﬂla]ﬂy deplfeteﬁ of
endogenous substrates, =

 Fip. 3 shows assays where the reduction of intra-.
mitochondrial | pyriiing nucleotides by malate was
followed spectrophotometrically. The rate of redue- ‘ . o

“tion of pyridine nucleotides was greaier and the ex- i:g_ Z. pH gependency of the rate of RAD(P) reduction by

i ‘ . = - N malate and of the siimulation by <hoesphals ami £¥ steme
ten of the reduction was ]sargs_n' in EGTA mitochon- salfinate, The same t:o*ndnmm as in {ig, 1.

- dria than in BSA mitochondiia, Farthermore, where- :
as phosphate stimulated both the rate and extent of

NAD{F) fr;ﬁrgﬁﬂléﬁiﬁﬁfﬁ@ hrafJ .
= S :

NAD{P) reduction in EGTA mitochondria, it had no of NAD{P) reduction by malate is shown in fig. 2, An

effect in BSA mitochondria, Provided phosphute and  optimurn pH aronnd 8 was found for the reduction of

a trace of malate (30 uM) were present, the addition NAD{P) by malate alene. The optimum pH for phos- -

of oxoplutarate resulted in WAD(P) reduction. By con- phate stimmlslion was 7 in the case of EGTA mitochon-

trast o oxoghitarate, citrate 4id not bring about any dria and highsr than 8 for BSA mitochondria. Finally

reduciion of NAD{P). The pH dependence of the rate cysteine sulfinate which transaminates oxaloacetate
r;mé (@g?pn&magﬁ 5 g54 MTOLEMS)
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;Flg, 1. Reduc mm nf MADIP]J in .adIEnal eOTiEX mjmchnnﬁm by l-malaie and ‘n-kemvluiame Absence of mﬂnmmn [by uuaie
- Measurements were. made at 340—373 nm with a double beam sagcimnhmomee.m Beel aﬁmmﬂ vcc:::itex m:mchbnﬂna {EGTA and" -

(BSA mﬂm’:}ncnﬂrm) were intubated for 3 min at ..5‘ in 3.3 ml of a nedinm m:ﬁammg 0.27 M« sucrose, 10 mM Trs—H:epe,s, 12 J-IM -
. FCCP.was nﬁﬁaﬂ te aHow an exiensive nmdaimn of znﬂnpnnnus substm!r.s im]luweﬁ ﬂf ter 5 mm hy 3 p‘ﬂ Irmﬁznxame 10 b]mk me o
gmsp\ramry ich*ain Othr:r aﬂdltmns wen as mﬁma‘teﬂ o : L . :
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- Fig, 3, Swelling of beef adrens] cortex mitochondria suspended
in isoosmotic solutions of NH, phosphate, malate, succinate,
citrate and oxoplnzarate. 2.2 mg of mitochondsia in 0.1 ml-
sucm;e WELE aﬂﬁﬁed to 2 8 ml }.f a medin‘nm made of ?@ mdl

The pH Was ? 4 anﬂ 1he 1:‘:mpx.:ra1me 257, Whem mr}nmmd, 2
M phosphate and 2 mM malate {final cone.) were added 1

- and 2 min, respectively, after mitochondriz, The Nght seatiee-
ing change wwas followed a1 520 nm.

further enhanced NAD{P) reduction after addition of
malate and phosphate above pH 8.5, These spectro-
photometric assays deserve a fow comments: i) although
reduetion of WAD(P) is indicative of the penemmﬁon of
added malate inio mitochondsia, the overall proce

leading to NAD{P) leﬂucn@n depenrds on ¢ther facm:ra
like the dehydrogenation reaction itself which may ac-

- count for the pH effect; 1) The stimulatory effect of
cysteine sulfinate above pH 8.5 snggests accomulation
of oxaloacetate at pii higher than 3.5,

"The eniry of phosphate and various anions of the
citrie acid cycle into beef adrenzi cortex mitochondria
has also been followed by light scattering chapges when
mitochondria ase suspended in iscosmotic solutions of
ammonium salts of the respective mioens {fig. 3). Asin

liver mitochondtia, swelling was induced by addition

of NH; phosphate, NHs malste or succinate in the - -

presence of phosphete, NHa oxoglitarate in the presence

of phosphate and malate. In all assays, swelling was sen- -

sitive to the snifhys ﬁnl-b]oclnng fueagem mersaly] which,
at low concenirations, 4 spemﬁu. m}uﬁmm u::f ths- '
hate t:ranspmt, . -
" Inhibitors of mmrbmy}me 'i'ranzspmt in hver m:tm-

: -x:hondna nmneiy phenylsuccinate, bmyhna]a:mﬂe P
. l@ﬂohamy]ma]@nai» blotksd also the emtry of malaté, -

- succm-aie or nxng]marame in beﬂf adrenal ccmex mrm—

T
TIME fssrords)

Fiz. 4. A) § U CMalote vptske by adsens) enrtex mitochordria,

Mitorhondria 6.3 mg protzind were preincutatec for 30 sec in
& tezction medinm containing: 100 md KO, 25 mM TrisMES,
1 mM EGTA, 5 M rotencne, 2 pgfm) aniimyein, 2.5 pe/ml
oligomycin, Final vohime 0.9 mi, final pH 6.5, temperature

0°, Then 23 2™ | ¥Clmatite wers added. The malate upiake
was siopped alier varipus periods of incebation by addition

‘cf 16 mM mersalyl followed by rapid centrifugation of the
mitochondna m a 3280 Eppendoerf centrifoge. BY Logarith-

_mic plot of | *3CImalate vptake, MAL g, x refers 16 malate ac-

cumulzted after the eguilibrinm was reachsd {after 3 minj.

chondria. A special case is that of citmate, A swelling
in iscosmotic MNH, citrate was obiained alter addition
of small amounis of phosphate and malate. However,
1,2,3-benzens tricarboxylate, which is an inhibitor of
citraie enizy in rat liver mitochongrie {11] had 2o in-
hbliory eifect on the citrate-indused swelling of beef
adrenal cortex mitochondria {fig. 3).

Results from specivophoiomeiric and light scattei
ing experiments were commoboraled by isolepic assays.
Adrenal cortex mitochondria incubated with [**Piphos

~ phate, I"*Cimalaie, ["*C]succinate, [**Clinalonate,

1" Cloxoglutarate rapidly incorporated, even at 0°,
radicactivity into the mairix space, correction being
made for the extramatix space in 2 paraﬂf] experi

ment carried out with 1"*Cisucrose. By contrast the

- eniry of §* Cleitrate "was not significant even in the

presence of phosphais: and malate, As shown in fig, 4,

“the [”C]malata uptale follows @ first order kineties,

with a 1ate constant of 1.8 min * at 0°. From the maxi-

.- Tum amount of malate a:mmula’led at equilibriuwm
' ,_”(1.2 nmolefmg pmiem), aTate of iranspor of 1.7
o m@‘ie!mm!zrg proiein can be calmﬂax«”ﬁ. The .K for
‘malate em.zy vt:alcuﬂ:a‘n d fm e?peaam:ems ma in ﬂw«e
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Fig, 5. Proton movenienis aceou. inyiag the penetration of
Tinlate into mitochendriz, BEA mitochondria (20 mg) were
preincnbaled in 6.5 ml of 2 medinm made of 0,125 M KL,
0.5 oM EGTA and 2 p2/ml antim-cin. The pH was adjnsred

ie 635, Temperature wos 0°, Ip e periment {A) D130 mM
malate {ph 6.35) was aédsd after 2 min incubation, In experi-
ment (B} 1.5 mb) messa’ ylwas ndded to the incubation mix-
fure 2 min before malate.

range cf 0.06 to D £iM. In oiher experiments (no:
shown), i1 was found that malate o7 malonate added -
o I““ni‘]malaie—lnadad adrenal cortex mitochondria
initiates a rapid efflux of ””’C]msﬂate

The entry of malate was accompanied by a Tapid
msappn.amnm of protons from the medium as shown
by the increase of external pH (fig. 5). This increase
of pH was paralleled By an efftux of internal phosphate

{of the order of 2.5 nmoles{mg protein) and was mhlb- 7

meﬂ by mersalyl

4, Discussion .

Transport of ritric cycle anions into beef adrenal
gortex mitochondria has beea ..mresmgamd with “ﬂnee
_dnffmm approaches. 1) Reduction of intramitochon:
drial NAD{P) upon zddition of anions, 1) Tight scatter-
ing changes in isoosmotic solutions of NH, selts of

eorresponding anions, i) direct nptake of """’L—Tlabelléﬁ B

_anions. Mitochondsia prepaved in the pmsenclt of
, EG’IA {EGTA mitochendria), Whii‘h are largely de- .

“suitable than mltnchmnﬁna IR pareﬂ in the p]’BSenCt '

~of BSA for s’mﬂymg Ithe anion carriers. ‘The data obr - -
methods conctr 1o, mdi-: i
ca’te that ’bem“ adrena] cortey mitochondria are able -

: 1amed with the three above

, succinale und. oxoghtatate, bt -
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1 wepﬂﬂ I 2] A lac?k or psm ‘efﬁmemzy «Dtl‘ citrate carrier
in beef heart mitochondria has also beem reparted {13]
- ‘Malate entry into beef adrenzl coriex mitochondria -

is accompanied by a proton uptake ami 2 phmspham ef-

flux, This finding together with the senshivity of the
proton uptake to mersalyl {cf, fig. 5) affords suggeshve_
evidence for the ocenrrence of a malaie-phmphaﬂe car-
Tier in beef adrenal cortex mitochondria, The demon-
stration of a malate and oxoglularate transport allows
us to conchude that beef admm] coTieX mitozhondria

ar2 ﬁqmlppeﬂ like at liver mitochonidria, with a dicarb-
- oxylate-oxoghutarale carrier. Finally a malaie—malate
“exchange in beef adrenal cortex mitochondria is evi-

denced by the observation that malate efflux from
1" C]malete-loaded mitochondriz is initiated by addi-
tion of malate. A rapid reduction of intramitochondrial
NADP is required | for some steps in steroidogenesis oc-
curring in the mitochondrial compariment of the adrenal
eoriex, for instance the cleavage of the side chain of
vholestercl and the 1 1f-hydroxylation of deoxycorti-
gosierong into cortivosterore, This ability of adrenal
coriex mitochondria to efficiently transpori malate
makes it likely that the cytosol is a major souzce of

- reducing equivalents for inira-mitochondrial steroid.

metabolism.
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