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ABSTRACT: Adrenal cortex mitochondria prepared by a 
standard method do not exhibit malic enzyme activity. Ad- 
dition of physiological concentrations of Ca2+  and Mg2+ 
enables these mitochondria to reduce added NADP+ by 
malate to form free NADPH.  Half-maximum activation of 
the mitochondrial malic enzyme requires 0.3 mM Ca2+ and 
1 mM Mg2+. Solubilized mitochondrial malic enzyme is in- 
dependent of Ca2+ and has a K M of 0.2 mM for Mg2+. The 
Ca2+  effect is dependent on an initial period of active Ca2+ 
uptake which also causes other changes in respiratory prop- 
erties similar to those observed with mitochondria from 
other tissues. After Ca2+ accumulation has taken place, 
free Ca2+,  but not additional accumulation, is still required 
for malic enzyme activity. The requirement for Mg2+ can 

B o v i n e  adrenal cortex mitochondria contain an NADP+ 
dependent malic enzyme (Kimura, 1966; Simpson et al., 
1968, Simpson and Estabrook, 1968; Pfeiffer et al., 1972), 
the function of which is not known. In previous communica- 
tions (Pfeiffer, 1973; Pfeiffer and Tchen, 1973), we re- 
ported that these mitochondria will reduce extramitochon- 
drial NADP+ by intramitochondrial malic enzyme if ex- 
posed to physiological levels of Ca2+ and Mg2+ under con- 
ditions where energy dependent Ca2+ accumulation may 
occur. We now present more fully this effect of Ca2+  and 
other ions on the activity of malic enzyme and demonstrate 
the ability of this system to support 1 I@-hydroxylation of 
deoxycorticosterone. Some respiratory properties of these 
mitochondria under conditions which lead to malic enzyme 
activation are  also presented. The possible physiological sig- 
nificance of Ca2+  and its effects on adrenal cortex mito- 
chondria in the control of steroidogenesis are discussed. 

Experimental Procedure 
Bovine adrenal cortex mitochondria were prepared as de- 

scribed previously (Pfeiffer et al., 1972; Pfeiffer and Tchen, 
1973). Solubilized malic enzyme was obtained by sonicat- 
ing the mitochondria (Pfeiffer et al., 1972) and assaying ei- 
ther the whole sonicate or the supernatant obtained by cen- 
trifuging a t  109,OOOg for 1 hr, 0’. The supernatant con- 
tained approximately 80% of the malic enzyme activity of 
the whole sonicate. 

Malic enzyme was assayed by monitoring OD340 or by 
the fluorescence method. The respiratory studies (including 
1 1 @-hydroxylation of deoxycorticosterone) were performed 
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be met by Mn2+ (1 mM). This concentration of Mn2+ alone 
yielded only a slight activation of mitochondrial malic en- 
zyme while higher concentrations of Mn2+ alone gave good 
activation of the mitochondrial malic enzyme. The 
N A D P H  generated by the Ca2+-Mg2+ activated malic en- 
zyme effectively supports the 1 lp-hydroxylation of deoxy- 
corticosterone, whereas in the presence of malate, or malate 
plus Mg2+ but absence of Ca2+, the energy linked transhy- 
drogenase supplies all the required N A D P H .  The activated 
malic enzyme appears to be more efficient than transhydro- 
genase in generating N A D P H  to support 1 I@-hydroxyl- 
ation. Cyanide and azide have been found to inhibit solubi- 
lized mitochondrial malic enzyme. 

on a Gilson Oxygraph with Clark type electrode. All data 
were obtained a t  25’. The standard medium for determin- 
ing malic enzyme activity of “intact mitochondria” con- 
tained in a volume of 3.0 ml, 0.32 M sucrose, 10 mM 
MgCl2, 1 mM CaC12, and an appropriate amount of mito- 
chondrial protein. Solubilized malic enzyme was assayed 
under the same conditions except that calcium was normal- 
ly omitted. Other conditions used are  detailed in the appro- 
priate figure legends. 

NADP+,  NAD+,  N A D H ,  A T P  (all sodium salts), de- 
oxycorticosterone, glutathione reductase, oxidized gluta- 
thione, Tris, bovine serum albumin (low fatty acid type), 
EGTA, I ruthenium red, antimycin A, and oligomycin were 
purchased from Sigma. All other reagents and substrates 
were commercially available reagent grade. 

All sucrose solutions used in these studies were prepared 
from a solution which had been treated with a mixed bed 
ion exchange resin as described by Allmann et al. ( 1  970a). 

Antimycin A, oligomycin, and deoxycorticosterone were 
utilized as ethanolic solutions. 

Protein was determined by the biuret reaction in the 
presence of deoxycholate (1% final concentration). 

Results 
Intact mitochondria2 incapable of reducing added 

NADP+ by malate can be induced to do so by the addition 
of Mg2+ and Ca2+.  Figure 1 shows that for this activity, 
Mg2+, Ca2+,  malate, and NADP+ are all required. 
NADP+ reduction began immediately following the addi- 
tion of the last component (curves B-D) except in the case 
of Ca2+ (curve A). In this latter case there is a lag period, 
the length of which varied between 2 and I O  min with dif- 

’ Abbreviation used is: EGTA, ethylene glycol bis(&aminoethyl 
ether)-N,N’-tetraacetic acid. ’ Unless otherwise specified, mitochondria refers to bovine adrenal 
cortex mitochondria, obtained predominantly from the fasciculata por- 
tion of the gland. 
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FI(;L KL: 1 :  The requirements for the reduction of extramitochondrial 
N A D P +  by intramitochondrial malic enzyme. NADPH formation was 
monitored tluorometrically. In curves A-D, the complete reaction mix- 
ture isas the standard mixture described in Experimental Procedure 
u i th  0.2 mg of mitochondrial protein/ml. Reaction mixtures contain- 
ing ;ill but one component (Cai+,  Mg2+. N A D P + ,  or malate) were in- 
cubated until the fluorescence became constant. Malic enzyme reac- 
tion was then initiated bq addition of the missing component as  indicat- 
ed. Malate w15 omitted for curve E and reduction initiated by the addi- 
tion of 7 n i v  sodium succinate. I n  curve F, a-ketoglutarate (otKC) ( 7  
niv) and malonate (5  m v )  were substituted for malate and failed to 
support reduction. The  further addition of malate produced the normal 
rate of reduction. N A D P H  was identified by reoxidation with added 
glutathione reductasc (G.R.) (activity 1 pmol/min) and oxidiied glu- 
tathione ( G )  ( I  Wrnol). These results were obtained not only with fresh- 
1s prepared mitochondria, but also with mitochondria which had been 
frozen and thawed. For the subsequent experiments. however, only 
freshlq prepared mitochondria were used. In these and later experi- 
ments. the cuncentrations of malate and N A D P  used were 7 and 1.6 
n i ~ .  respcctively. I n  this and later figures. MT represents mitochon- 
dri:i 

ferent mitochondrial preparations. Substitution of succinate 
for malare (curve.E) led to a longer lag period, probably re- 
flecting the formation of malate from succinate. cu-Ketoglu- 
tarate, in the presence of malonate to inhibit succinate dc- 
hydrogenase, cannot reduce NADP+ (curve F). A subse- 
quent addition of malate led to NADP+ reduction a t  the 
normal rate. I n  all cases, the addition of glutathione reduc- 
tase and oxidized glutathione rapidly reoxidized the 
N A D P H  formed. These results show that the observed in -  
crease i n  fluorescence is due to N A D P +  linked malic en- 
zyme activity and not the result of combined NAD+-linked 
dehydrogenase and a NADH-NADP+ transhydrogenase. 

To explore the mechanism of action of Ca2+.  we studied 
the effects of ruthenium red (an inhibitor of energy-depen- 
dent Ca2+ transport by mitochondria) (Moore, 197 1 ,  Vas- 
ington et al., 1972), antimycin A (a commonly used inhibi- 
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I I G l  Kb 2: The effects of ruthcnium red (RR).  antimycin A ( A A ) .  
and EGTA on the C-n'* dependent "unvciling" of malic enr!nie activi- 
t ) .  ,ill ;iasa)b werc pcrfornied in the standard medium with a total of 
0 .3  mg of niitochondrioi proicin. Thc  original :idditions of C"I:+ mere 
0.5 m\!. 'The .;ccond addition\ uf  C'x" wcre twicc the amount o f  the 
first addition. ( A )  RR (10 n m o l )  or AA ( 5  i . 1 ~ )  \\as added either before 
Ca" ( ) .  ( H )  0.50 nniol  of RR w:is added bc.. 
fore Ca'+. (C)  0.6 mbl ECiTA was added hefore CaJi ( ) or after 
C a 2 +  (--). The addition of'a sccond aliquot oI'Ca'+ a s  indicated over- 
came the ECTA inhibition. (1)) This experiment is similar t o  ((.) cz -  
cept for thc addition of 10 nniol of RR or 5 y g  of 4.1 ; I \  \ h o a n .  

) or after Ca" ( 

tor of electron transport and thereby energy production), 
and EGTA (a chelator specific for Ca'+ in the presence of 
Mg"). The results are shown i n  Figure 2 .  Curve A shows 
that when ruthenium red or antimjcin A was added a t  suf- 
ficiently high concentration before the addition of Ca2+. lit- 
tle or no malic enzyme activity \vas obtained. However. i f  
these inhibitors were added after Ca" arid the appearance 
of malic enzyme activit! no inhibition of NADP+ reduction 
was observed. When lower levels of ruthenium rcd were 
added before Ca'+ (curve B). the reduction of U A D P S  
showed a lag period followed bv gradual increase in rate. 
EGTA. i n  molar excess of Ca". inhibits the Ca'+ induced 
malic enzyme activity whether added before o r  after Ca? +, 

This inhibition can bc overcome by addition of excess Ca2+ 
(curve C) .  Finally, curve D shows that &hen ruthenium red 
or antimqcin A was added after initial Ca'+ activation and 
EGTA inhibition of malic enzyme. the e n q m e  could be 
reactivated by the addition of excess Ca'+. 

Since the iesults shown in Figure 2 implq thc involve- 
ment of an energy dependent Ca" pump. the respiratory 
propertics or these mitochondria in thc presence or absence 
of Ca'+ and various inhibitors were examined. Most of the 
results are in agreement with well-known effects of Ca?' on 
liver mitochondria. o r  previous reports on adrenal cortex 
mitochondria (Cammer and Estabrook, 1967; Harding et 
u l . .  1968) and are  summarired as follows. ( I )  I n  the prcs- 
ence of phosphate. [hew mitochondria show respiratory 
control for succinate and malate oxidation upon the uddi- 
tion of ADP. The control ratio and P / O  ratio determined 
by oxygen consumption showed sonic variability between 
preparations. Control ratios of 3 4 were commonly ob- 
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FIGURE 3: Some effects of  Ca2+ on the respiratory properties of bo- 
vine adrenal cortex mitochondria. All assays were performed using 1 .O 
mg of mitochondrial protein in a final volume of 1.6 ml. The media 
contained sucrose, Tris, Mg2+ a t  the levels employed for malic enzyme 
assay, and 5 mM sodium phosphate (pH 7.4). The substrate was 7 mM 
succinate for curves A and F and 7 m M  malate for curves B-E. Further 
additions as indicated were 0.30 *mol of ADP, I .6 &mol of N A D H ,  1.6 
Wmol of C a l f ,  and I O  nmol of ruthenium red except in curve F where 
Ca2+  was added a t  0.40 pmol. I n  this curve, Ruthenium Red was pres- 
ent at 10 nmol (line I ) .  0.40 nmol (line 2), or absent (line 3 ) .  

served and P/O ratios as  high as  2 and 2.9, for succinate 
and malate, respectively, were seen with many preparations. 
(2) When oxidizing succinate, an accumulation of limited 
amounts of Ca2+ (approximately 50 nmol of Ca2+/mg of 
protein) with concomitant increase in oxygen consumption 
a t  a ratio of C a 2 + / 0  = 4 was obtained in the absence of 
phosphate. Higher levels of Ca2+ (1 pmol/mg of protein) in 
the presence of phosphate produced a continuing elevated 
rate of oxidation, unless A T P  or oligomycin was present. In 
these cases, a state 4 rate was regained and Ca*+/O ratio of 
approximately 4 was again ~ b s e r v e d . ~  (3) With malate as 
substrate, the respiratory responses to small amounts of 
Ca2+ were similar to those observed with succinate except 
that C a 2 + / 0  increased to nearly 6 in the presence of A T P  
and phosphate. In the absence of ATP,  higher levels of 
Ca2+ (-1 Kmol/rng of protein) produced an initial stimula- 
tion followed by inhibition of respiration. This inhibition 
could not be overcome by further addition of Ca2+ or ADP,  

For the calculation of C a z f / O  ratios, it was assumed that under 
these conditions where the rate of respiration returned to the initial 
rate, the added Ca2+  was completely transported into and retained by 
the mitochondria. 

- 0  
0 2 4 6 8 10 

RR, NMOLES/MG. 
FIGLRE 4: Comparison of the effect of ruthenium red ( R R )  on some 
respiratory properties and on the Ca2+  stimulated malic enzyme activi- 
ty of bovine adrenal cortex mitochondria. The experiments were per- 
formed as  described in  the legend to  Figure 3, curve F, using several 
concentrations of RR.  The  rates of state 4 (m), state 3 (01, and the 
Ca2+ stimulated (0 )  respiration were obtained from the appropriate 
portions of the curves. The malic enzyme data (0) were obtained from 
experiments analogous to Figure 2, curve B where the NADPH accu- 
mulated during the first 12 min after Ca2+  addition was used to deter- 
mine the specific activity. 

However, addition of N A D H  led to  a very high rate of oxy- 
gen consumption. (4) The rapid oxidation of either succi- 
nate or N A D H  produced by high Ca2+ and phosphate re- 
turned to an apparent state 4 rate by the addition of EGTA 
in slight excess of Ca2+. Such mitochondria did not respond 
well to the addition of A D P  but still responded to a second 
aliquot of Ca2+ in excess of EGTA, returning to the initial 
Ca2+ stimulated rate of oxygen consumption. 

In Figure 3, curves A-E show that ruthenium red a t  10 
nmol/mg of protein prevented the changes caused by high 
levels of Ca2+, namely, rapid oxidation, impaired A T P  syn- 
thesis with succinate or malate as  substrate, and the ability 
to oxidize added N A D H  a t  high rate. Lower concentrations 
of ruthenium red gave partial inhibition of these Ca2+ ef- 
fects. 

In order to compare and correlate the effects of ruthen- 
ium red on Ca2+-induced malic enzyme activity and on en- 
ergy dependent Ca2+ uptake, respiratory experiments were 
conducted a t  different concentrations of ruthenium red. 
This is illustrated in Curve F of Figure 3. The complete re- 
sults of several similar experiments on the effects of ruthen- 
ium red are  shown in Figure 4. This figure shows that ru- 
thenium red a t  these levels had no effect on the rates of 
state 3 and state 4 respiration but strongly inhibited both 
Ca2+-induced malic enzymes and Ca2+-stimulated succi- 
nate-supported respiration. Slightly higher levels of ruthen- 
ium red were required to inhibit malic enzyme t c  a degree 
comparable to  the inhibition of Ca2+-stimulated respira- 
tion. However, since the malic enzyme activity in the pres- 
ence of low concentrations of ruthenium red increased with 
time (Figure 2, curve B) and since the rates plotted here a re  
not initial rates but the amounts of N A D P H  formed in I 2  
min, the actual inhibitory effect of ruthenium red on Ca2+ 
induction of malic enzyme is probably more pronounced 
and may be comparable to the inhibition of oxygen con- 
sumption. 

Some factors which affect the specific activity of malic 
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F I G U R E  i: The effect of protein concentration on malic enzyme activi- 
ty for "intact" and sonicated mitochondria. Malic enzyme activity was 
determined in the standard assay medium with reaction initiated by the 
addition of Ca2+ for intact mitochondria ( 0 )  or by N A D P +  for the sol- 
ubilized enzyme (0). The protein concentration axis for the solubilized 
en7yme ( I  09.000g. I-hr supernatant) refers to the Concentration of mi- 
tochondria from which the supernatant was obtained rather than the 
actual protein concentration of the supernatant fraction. NADPH for- 
mation was monitored by increase in OD?,". 

0 .S 1.0 1.5 2.0 
CONCENTRATION CaCI, M@ 

F I G L K I .  6: The effect of' varying C a ? +  concentration on malic enz lmc 
acti \ i ty of "intact" mitochondria. Malic cn7yme assays were conduct- 
ed in  the htandard medium using intact mitochondria a t  0.12 mg/ml 
(0) and 0.36 mg/ml ( 0 )  as enzyme source. Reaction was initiated by 
the addition of Ca'+ and K A D P H  formation monitored by increase in 
OD],". 

enzyme in intact mitochondria or after solubilization by 
sonication are presented in  Figures 5-8. Figure 5 demon- 
strates that a t  constant Ca2+ and Mgz+ concentrations, the 
specific activity of malic enzyme is strongly dependent on 
protein concentration (curve A). The effect is much more 
pronounced with intact mitochondria than when the high 
speed supernatant from a sonicate was used as enzyme 
source (curve B).  Figure 6 demonstrates that the observed 
inhibition with higher concentrations of intact mitochondria 
is not due to limiting Ca2+.  The apparent K for Ca'+ is 
not significantly different a t  low or high concentrations of 
mitochondria but the maximal specific activity obtainable is 
clearly decreased a t  high concentration of mitochondria. It 

10 
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F I G U R E  7: The  cffect of varying Mg2+ concentration on the activity of 
malic enz)mc of "intact" or sonicated mitochondria. The  media con- 
tained sucrose, Tris. and tnalate a t  the standard levels plus various con- 
centrations of Mg'+ as shown. ( A )  Solubilized malic enryme (superna- 
tant equivalent to 0.21 ing of mitochondrial protein/ml fraction) with 

( I  mM) or without Ca'+. ( B a n d  C )  Intact mitochondriii (0.10 nigini l )  
with I m*vl and 0.3 mM Ca?+. respectivel). Reaction \\'is initiated b! 
the addition of Mg2+ for curve A or Ca'+ for curves B and  C 
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F I G L R t  8: The effect of Mn?+ concentration on t h e  Lictivit) 01' niiilic 
enzyme from intact or sonicated mitochondria. The media containcd 
sucrosc, Tris. malate, and N A D P +  at  the standard levelh,. Varioub con- 
centrations of Vn2+ were substituted for Mg'+ as sho\ \n  Curve A u t i -  
lized solubilized malic enzyme equivalent to 0.21 mg of mitochondrlal 
protein/ml. Curves B and C were obtained with "intdct" niitochondri;i 
a t  0.36 rng of protein/nil in the presence ( B )  or absence (C )  of I 1 1 1 ~  

Ca'+. The triangle in curve C contained 5 mw Mg" in  'iddition to 
Mn?+. Reduction was initiated by the addition of M n 2 +  and monitored 
by increase in O D ~ J ~ .  The relativcly high protein concentration used in 
curve B is most likely responsible for the somewhat lo\\ \pecific :ictivir!, 
when compared to Ca?+ and Mg'+ (Figure 7 ,  curie B ) .  

is also important to note that a t  1 mM Ca?+. the it? \ ,i\ 'u 
Ca'+ concentration in bovine adrenals as reported by All- 
mann et a/ .  (1970b), malic enzyme activity in the mito- 
chondrial system has reached a rate nearly as high a5 soni- 
cated mitochondria. With the solubilized enzyme, the pres- 
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F I G U R E  9: Malate supported 1 Ip-hydroxylation via energy-dependent 
transhydrogenase or malic enzyme generated N A D P H .  In curves A-D, 
the media contained sucrose, T r k ,  and 7 mM malate. For curve E, 
Mg2+, Ca2+,  and NADP+ were present a t  the standard levels for malic 
enzyme activation. All assays were performed with 1 mg of mitochon- 
drial protein in  a total volume of I .6 ml. Additions shown were deoxy- 
corticosterone (DOC),  100 nmol, antimycin A (AA),  6 f ig ,  I m w  ATP,  
and 6 fig of oligomycin (olig.). The presence of 5 m u  MgC12 for curves 
A-D did not influence the requirements for hydroxylation. 

ence or absence of Ca2+ had no effect on enzyme activity. 
Figure 7 demonstrates that both the solubilized enzyme 
(curve A) and the mitochondrial system a t  low or high pro- 
tein concentrations (curves B and C,  respectively) are  de- 
pendent on the Mg2+ concentration. Comparison of the sol- 
ubilized and mitochondrial enzyme activities shows a lower 
K M with the solubilized enzyme, suggesting that the Mg2+ 
requirement with mitochondria is not simply to serve as  a 
cofactor for the enzyme. 

The well-known involvement of Mn2+ in malic enzyme 
and the ability of Mn2+ to be actively accumulated by other 
mitochondria prompted us to investigate its effects on malic 
enzyme. Initial experiments, analogous to Figure 3, curve F, 
where Ca2+ was replaced by Mn2+, showed that Mn2+ is 
also accumulated by these mitochondria and that this activ- 
ity is sensitive to ruthenium red (data not shown). Figure 8, 
curve A, shows that the solubilized enzyme is activated 
more effectively by Mn2+ than by Mg2+. In  the case of in- 
tact mitochondria in the presence of 1 mM Ca2+, Mn2+ can 
also be substituted for Mg2+ effectively. Since Mn2+ a t  a 
concentration of 1 mM is actively accumulated and can ef- 
fectively substitute ( 1 )  for Ca2+ in inducing light scattering 
changes of mitochondria (Pfeiffer 1973b), (2) for Mg2+ 
with solubilized enzyme, and (3) for Mg2+ in activating in- 
tact mitochondrial enzyme in the presence of Ca*+, it might 
be expected that this concentration of Mn2+ alone would be 
sufficient to induce intact mitochondrial malic enzyme ac- 
tivity. Experimentally, however, it was observed that much 
higher concentration of Mn2+ was required (curve C, Fig- 
ure 8).  Also, 1 mM Mn2+ together with 5 mM Mg2+ gave 
negligible malic enzyme activity with intact mitochondria 
(triangle in Figure 8). The  activity observed with Mn2+ 
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0 
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0 6 12 

F I G U R E  10: The effects of cyanide and azide on the activity of solubi- 
lized malic enzyme. Malic enzyme activity was assayed fluorometrical- 
ly using the entire mitochondrial sonicate (equivalent to 0.50 mg of mi- 
tochondria) as the enzyme source. The reaction mixture contained su- 
crose, Tris, Mg2+, and N A D P +  as  described in Experimental Proce- 
dure, plus sodium cyanide (0) or azide (0 )  as shown. Reaction was ini-  
tiated by the addition of NADP+. 

alone showed the expected sensitivity to antimycin A or ru- 
thenium red (data not shown). 

To investigate the possible physiological significance of 
the Ca2+ activated reduction of extramitochondrial 
N A D P +  by mitochondrial malic enzyme, the ability of 
these mitochondria to perform 1 I@-hydroxylation of deoxy- 
corticosterone was examined. The results a re  shown in Fig- 
ure 9. Curve A shows that malate, in the absence of the 
other components required for malic enzyme activity, sup- 
ports 1 I@-hydroxylation. This activity is inhibited by an- 
timycin A (curve B) suggesting that the energy dependent 
transhydrogenase and not malic enzyme is responsible for 
generating the required N A D P H .  Antimycin A was found 
to have no effect on solubilized malic enzyme. The ability of 
A T P  to overcome antimycin A inhibition (curve C )  and the 
sensitivity of this effect of A T P  to oligomycin (curve D) 
provide further evidence that the transhydrogenase is gen- 
erating the required N A D P H  under these conditions. Curve 
A also shows a gradual decrease in the rate of hydroxyl- 
ation, less than theoretical oxygen consumption ( 1  mol of 
oxygen/mol of deoxycorticosterone), and failure to respond 
to a second aliquot of deoxycorticosterone. I n  contrast to 
the data  of curves A-D, curve E shows that when mitochon- 
dria were preincubated with all the components required for 
malic enzyme activity the subsequent addition of antimycin 
A (analogous to Figure 2 curve A) no longer inhibited 1 I D -  
hydroxylation. The  deoxycorticosterone to oxygen ratio was 
1.01 for two aliquots of deoxycorticosterone. It is, therefore, 
clear that the Ca2+-activated malic enzyme activity can ef- 
fectively support 1 ID-hydroxylation. 

Finally, during the course of these studies we have ob- 
served that cyanide, and to a lesser extent azide, are  rather 
effective inhibitors of the mitochondrial malic enzyme. 
Typical inhibition curves for solubilized malic enzyme ob- 
tained by sonication are  shown in Figure 10. 

Discussion 
The results presented here demonstrate that Ca2+ and 

Mg2+ can unveil the malic enzyme activity of adrenal cor- 
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tex mitochondria to reduce added NADP+ by malate. With 
low concentrations of mitochondria and optimal concentra- 
tions of Ca2+ and Mgz+ which are  within their physiologi- 
cal range in the adrenal cortex, the specific activity of malic 
enzyme is comparable to that obtained with sonicated mito- 
chondria. Higher concentrations of intact mitochondria 
and, to a lesser extent, sonicated mitochondria cause partial 
inhibition by an ynknown mechanism. Results shown in 
Figure 6 demonstrate that the lower specific activity ob- 
tained with higher protein concentrations is not due to an 
insufficiency in Ca2+.  Sauer (1973a,b) has recently re- 
ported the existence of multiple malic enzymes in rat adre- 
nal mitochondria. His work and work by Frenkel (1971. 
1972) with heart mitochondria malic enzyme have identi- 
fied a number of mitochondrial activators and inhibitors of 
this activity. These results, plus preliminary results in our 
laboratory, suggest that an inhibitor present in these mito- 
chondria is responsible for the effect of high mitochondrial 
concentration on the specific activity of Ca’+ activated 
malic enzyme. The variation in specific activity from differ- 
ent mitochondrial preparations reported earlier (Pfeiffer 
and Tchen, 1973) is eliminated when the assays are per- 
formed at  the same concentration of mitochondrial protein. 

The finding that Ca2+ and Mgz+ can activate mitochon- 
drial malic enzyme raises two major questions: ( I )  what are  
the modes of action of Ca” and Mg2+;  (2 )  does this phe- 
nomenon play a physiological role in the control of steroido- 
genesis? 

With regard to the role(s) of the metal ions, it is clear 
that both Ca2+ and Mgz+ are required. Since other malic 
enzymes are  known to require Mg2+ or Mn2+ (Hsu and 
Lardy, 1967; Mowneb and Elsan, 1972), it seemed possible 
that the requirement for Mg‘+ was simply to meet this re- 
quirement. However, the experimental results showed that 
the malic enzyme activity of intact mitochondria requires 
considerably higher concentrations of Mg2+ than the solu- 
bilized malic enzyme. This would suggest that Mg” may 
serve another unknown function. 

In the case of Ca2+.  no requirement for this ion was ob- 
served with solubilized malic enzyme. Its effects on mito- 
chondria are  numerous. Aside from the activation of nialic 
enzyme, Ca2+ causes apparent ‘‘leakiness’’ to pyridine nu- 
cleotides (as shown by the rapid oxidation of extramito- 
chondrial N A D H )  and a lowered efficiency of ATP synthe- 
sis. All of these effects require active Ca’+ accumulation. 
Reports from Green’s laboratory (Allmann et ul., 1970b) 
have demonstrated that ultrastructural transformation from 
the aggregated to the orthodox form is accompanied by a 
decrease in 90” light scattering and is probably involved in 
the other Ca2+ induced alterations in the properties of these 
mitochondria. Wqrk from our laboratory have confirmed 
and extended these results (Pfeiffer. 197313). It was found 
that the time required to complete the Ca’+ induced light 
scattering decrease and ultrastructure changes are  very 
similar to the length of the lag period for malic enzyme ac- 
tivation seen when Ca’+ is added last. The initial period of 
energy dependent Ca2+ accumulation in unveiling malic en- 
zyme activity represents a requirement to transform the mi- 
tochondria from the aggregated to the orthodox form. 

I n  addition to the above described ultrastructural 
changes, there is apparently another role for Ca”. i n  the ac- 
tivation of malic enzyme. This is shown by the experiment 
in Figure ?D. Malic enzyme was first activated by the addi- 
tion of Ca’+ and then inhibited by the addition of EGTA. 
Ruthenium red or antimycin A was then added to inhibit 

any subsequent active Ca’+ uptake and a second dose of 
Ca2+ in excess of the amount of EGTA was added. Malic 
enzyme was reactivated. These results demonstrate that 
even after the initial ultrastructural changes have been in -  
duced (EGTA did not reverse light scattering changes or ul- 
trastructure induced by Ca2+ (Pfeiffer. 1973a) ) free Ca2+ 
is still required to obtain malic enzyme activity. The reason 
for this second Ca2’ requirement, as well as the require- 
ment for higher concentration of Mg2+ by intact mitochon- 
dria than by the solubilized enzyme, is unknown. Since 
these ions bind phospholipids, it is possible that these re- 
quirements may involve their binding to membrane phos- 
pholipids with alteration of membrane structure or pernie- 
ability (Scarpa and Azzi, 1968; Papahadjopoulos, 1972). 

The dual requirements for Ca2+ are  further demon- 
strated by the results presented on the effects of Mn” in 
activating malic enzyme. Like Ca2+, Mn2+ at  I m v  was 
actively accumulated by the mitochondria producing a de- 
crease in 90” light scattering and ultrastructural transfor- 
mation to the orthodox from (Pfeiffer, 1973a). In addition, 
this concentration of M n 2 +  effectively replaced Mg’+ i n  
both the activation of solubilized malic enzyme. or with nii- 
tochondria which had previously been treated with l nib1 
Ca?+.  If producing the ultrastructural transformation, with 
any attendant leakiness to pyridine nucleotides. were the 
only effects of Ca2+ relevant to malic enzyme activation. i t  
would be expected that Mn2+ alone at  1 mM would produce 
substantial activation. However, Figure 8 shows that essen- 
tially no activity is present a t  this Mn?+ concentration with 
or without the presence of 5 mM Mg2+. Higher levels of 
Mn2+ (5 mM) did yield good activity indicating that a t  
these concentrations Mn2+ can fulfill both roles of C‘a’+. 
However. it should be pointed out that this level of Mnli- is 
i n  all probability unphysiological. 

The physiological function of the Ca2+ effects reported 
here is not clear. First, it may be questioned whether these 
reflect properties of mitochondria iri vivo. Although no de- 
finitive answer can be given in the case of adrenal cortex, i t  
has been shown that active accumulation of Ca2+  n o t  only 
occurs in vitro by mitochondria from various tissues, but 
also by mitochondria in intact Ehrlic ascites tumor cells 
(Cittadini et al . ,  1973). I n  the latter case, all the  Ca’+ ac- 
cumulation by these cells is due to Ca’+ accumulation b l  
mitochondria. The consequence of Ca?+ uptake by these 
mitochondria in vivo appeared very similar to effects ob- 
served under iri vitro conditions using mitochondria isolated 
from these cells. 

If one were to assume that the adrenal cortex rnitochon- 
dria can also actively accumulate Ca2+ in vivo, one would 
expect to find activation of the mitochondrial malic enryme 
which may play a key role in the regulation of steroidogene- 
sis. In  recent years, there has been a great deal of speculn- 
tion concerning the role of Ca2+ i n  the medium (Birming- 
ham rr a/. ,  1953; Peron and Kortiz, 1958). Stimulation by 
dibutyryl-CAMP is also substantially (-,SO%) reduced by 
the omission of Ca2+ (Farese, 1967; Sayers P Z  ol., 1972). I f  
the effects of Ca2+ reported here were to be involved in hor- 
monal stimulation of glucocorticoid synthesis and secretion, 
one must demonstrate that ( I )  intracellular free Ca?’ is in-  
creased after stimulation, causing activation of tnitochon- 
drial malic enzyme, and (2) the N A D P H  produced sup- 
ports the various sterol oxygenases. The determination of 
intracellular free (unchelated) Ca2+ is extremely difficult 
and data on this are not available. With respect to the gen- 
eration of N A D P H  for sterol oxygenases. the results pre- 
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sented in this paper show that although intact mitochondria 
do not utilize malic enzyme to support 1 I@-hydroxylation in 
the absence of Ca2+, they can utilize malic enzyme effi- 
ciently for this process when Ca2+ and Mg2+ are  present. 

The conversion of cholesterol to corticosterone (or corti- 
sol) requires 5 (or 6) equiv of N A D P H ,  4 of which are  used 
by mitochondrial oxygenases (3 for side-chain cleavage, 1 
for I 1 /?-hydroxylation). During hormone-stimulated ste- 
roidogenesis, the extra demand for NADI’H may come 
from ( I )  the mitochondrial transhydrogenase, (2) the mito- 
chondrial malic enzyme and/or isocitric dehydrogenase, or 
(3) cytosolic sources. 

Among the cytosolic sources, the pentose-phosphate 
shunt activity was reported to be enhanced following hor- 
mone stimulation (McKerns, 1964; Weaver and Landau, 
1963). More recent work, however, has indicated that this is 
probably not true (Kowal et al., 1972). Whether changes in 
the cytosolic malic enzyme activity occur after hormone 
stimulation is not known. It has, however, been proposed 
that it may serve as part of a shuttle mechanism for 
N A D P H  transport into the mitochondria (Simpson and Es- 
tabrook, 1968, 1969). According to this scheme, the cyto- 
solic malic enzyme would generate malate from N A D P H  
and pyruvate, the malate would enter the mitochondria 
where it is used by the mitochondrial malic enzyme to re- 
generate N A D P H .  N o  net N A D P H  is generated but cyto- 
solic N A D P H  generally considered to be not available to 
mitochondrial oxygenases is thus “transported” into the mi- 
tochondria. The mitochondrial permeability barrier is, how- 
ever not inviolate as  the results presented here and earlier in 
vitro reports show that mitochondria in the presence of 
Ca2+ can utilize external N A D P H  (Horshfield and Kortiz, 
1964; Peron et ai. ,  1965). On the whole, available evidence 
seems to indicate that there is no increase in cytosolic 
N A D P H  generating activity after hormonal stimulation, al- 
though cytosolic N A D P H  might become available to  mito- 
chondrial oxygenases. 

The mitochondrial sources of N A D P H ,  transhydroge- 
nase and malic enzyme, have both been shown to be capable 
of supporting I 18-hydroxylation in vitro. Several lines of 
reasoning have led us to favor the malic enzyme as  the in 
vivo source of additional N A D P H  required for stimulated 
steroidogenesis. ( 1 )  Under the in vitro conditions reported 
here, malic enzyme supported 1 18-hydroxylation (Figure 
9) .  (2) In  a previous communication, we have reported that  
superfused adrenals, whose mitochondria show extensive 
structural fragmentation, respond well to A C T H  stimula- 
tion (Kuo and Tchen, 1973). Under in vitro conditions, 
such damaged mitochondria d o  not normally retain a good 
capacity for coupled functions such as transhydrogenation, 
suggesting that  with these cells, well-coupled mitochondria 
a re  not essential for the stimulation of steroidogenesism. (3) 
Allmann et al. ( 1970b,c) have previously presented evi- 
dence that Ca2+ induces transformation of mitochondria 
from aggregate to orthodox structure and suggested that 
this may represent a switch from coupled functions (includ- 
ing transhydrogenase) to specialized function. (4) Others 
have shown that the mitochondrial malic enzyme(s) is an 
allosteric enzyme and suggested that it may play an impor- 
tant regulatory function (Sauer, 1973a,b; Frenkel, 1972). 
( 5 )  If the mitochondrial transhydrogenase were the source 
of N A D P H  for sterol oxygenases, one should find during 
stimulated steroidogenesis an increase in tricarboxylic acid 
cycle activity. Experimental results with an ACTH-sensi- 
tive cell line, however, showed that there is no increase in 

/ - - - - - - - - -  -1 
Gluc I m i t o c h o n d r i o n  I n I 

I 
A T q I F ’ T I E r  NADH-I- INADPH - I I 

I 
I 

NADP+ I 
I 
I 

I M A1 
I N e t :  NADH+ATP + NADP+ I 
I 
I NAD++ ADP+ Pi + NADPH I I 
I 

U 
L a c t  

FIGURE 1 1: Hypothetical scheme of relationship between glycolysis 
and mitochondrial NADPH generation. The symbols used represent 
the following: Gluc, glucose; Lact, lactate; PYR, pyruvate; OAA, ox- 
alacetate; and MAL, malate. The heavy arrows indicate that quantita- 
tively most of the glucose is converted to lactate with concomitant ATP 
generation. 

pyruvate oxidation (Kowal et al., 1972). Instead, the rate 
of glycolysis is greatly stimulated leading to accumulation 
of lactate, and presumably also some pyruvate. Similar in- 
crease in lactate was reported for an in vivo system (Barto- 
va et al., 1973). (6) With intact cells, stimulated steroido- 
genesis is dependent on external supply of glucose, indicat- 
ing that oxidation of fatty acid does not meet the demand 
for energy and/or N A D P H .  

The  above mentioned results can be fit into a common 
scheme as  illustrated in Figure 1 1.  During hormonal stimu- 
lation, mitochondria are  exposed to increased levels of free 
Ca2+ and become less coupled for A T P  generation but acti- 
vated in terms of malic enzyme. Glycolysis is stimulated to 
generate both A T P  and lactate. The increased lactate pool 
increases potential amounts of N A D H  and increases the 
steady-state pyruvate concentration. A pyruvate-oxalace- 
tate-malate cycle as  illustrated in the brackets would func- 
tion as a transhydrogenase to convert N A D H  to N A D P H .  
Previous workers have shown that pyruvate can indeed sup- 
port 1 I@-hydroxylation although the mitochondrial pyruvic 
carboxykinase activity was rather low ( I  .6 nmol per min per 
mg of mitochondrial protein) (Simpson and Boyd, 1971). 
However, we have found that our mitochondria prepara- 
tions can carry out pyruvate carboxylation a t  a rate a t  least 
comparable to  N A D P H  formation by malic enzyme ( 1  7 
nmol per min per mg of mitochondrial protein). 

Two other schemes can be readily constructed by minor 
variations of the scheme shown above. First, it is possible to 
form oxalacetate from phosphoenolpyruvate instead of from 
pyruvate. Second, based on the recent report by Sauer 
( 1  973a,b) that adrenal cortex mitochondria contain both 
NAD+-  and NADP+-linked malic enzymes, one can elimi- 
nate oxalacetate from the scheme and use the coupling of 
the two malic enzymes to convert N A D H  to N A D P H .  

These schemes provide an explanation for the functions 
of hormone-stimulated glycolysis, namely, to  generate ATP,  
N A D H ,  and pyruvate. The Ca2+ activated malic enzyme 
plays a key role in the generation of additional N A D P H  
and the e a 2 +  induced permeability changes of the mito- 
chondria allows the required transfer of small molecules 
across the mitochondrial membrane. This explains the de- 
pendence of steroidogenesis on external supply of glucose. 
However, it should be stressed that the proposed schemes 
and concepts a re  not proven, but only working hypotheses. 
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They concern how extra N A D P H  may be generated after 
hormonal stimulation, but d o  not answer the question of 
whether this is the cause of enhanced steroidogenesis. They 
also leave many other observations unanswered. First, there 
is no apparent link between the schemes discussed and the 
labile steroidogenic protein which is synthesized after hor- 
monal stimulation and required for enhanced steroidogene- 
sis (see Garren et al., 1971) but whose identity and func- 
tion(s) are  unknown. Second, our results showed that mal- 
a te  supported ll/3-hydroxylation in the absence of Ca’+ 
was completely inhibited by antimycin A while earlier re- 
ports of similar experiments did not show antimycin A inhi- 
bition (Cammer and Estabrook, 1967; Harding et a / . ,  
1968). This apparent discrepancy may relate to effects of 
phosphate which have been reported to influence mitochon- 
drial malic enzyme activity by increasing malate entry 
(Sauer and Park, 1973). Third, one should also raise the 
question whether isocitric dehydrogenase is involved in 
N A D P H  generation. Fourth, if the mitochondria are  indeed 
“uncoupled,” why does this have no effect on the rate of 
pyruvate oxidation? Finally, the schemes are  dependent on 
an increase in intracellular free Ca2+ which remains to be 
proven. 

It is clear from the above discussion that much remains 
to be done to clarify the source of N A D P H  for mitochon- 
drial sterol oxygenases, to determine whether it is generated 
by the mitochondrial transhydrogenase, shuttle mechanisms 
involving malate, or Ca2+ activated malic enzyme. 

Finally, the inhibition of solubilized mitochondrial malic 
enzyme by cyanide and azide is unexpected. This observa- 
tion may be of some practical importance as cyanide is 
often used as a specific inhibitor of cytochrome oxidase, in 
distinction to oxygenases which a re  much less sensitive to 
these agents. The inhibition of malic enzyme by cyanide 
and azide indicates that these agents may indirectly affect 
oxygenases by reducing N A D P H  supply under certain con- 
ditions. 
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