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ABSTRACT 

The regulation of the pyruvate dehydrogenase multienzyme complex 

by a phosphorylation-dephosphorylation mechanism was studied in intact 

cardiac mitochondria. It was determined that the release of intramito

chondrlal "bound" magnesium was necessary in order to observe an ATP-

dependent inhibition of mitochondrial pyruvate oxidation. It was found 

that compounds which sequester intramitochondrlal magnesium completely 

eliminated the ATP-dependent effects on the mitochondrial pyruvate oxi

dase activity. Factors influencing the transport or movement of diva

lent metal cations through or within isolated mitochondrial membranes 

were examined. Using beef heart submitochondrial particles and the 

fluorescent chelate probe, chlorotetracycline, as well as conventional 

atomic absorption spectrophotometry, it was demonstrated that the ener

getic state of submitochondrial particle membranes determined the direc

tion and the extent of divalent cation movement. It was shown that upon 

energization of the membranes with oxidizable substrate or ATP, magne

sium was reassociated with the particle. Energization of intact beef 

heart mitochondria was shown to cause rapid uptake of both calcium and 

magnesium from the suspending medium to a membrane site which was acces

sible to the chelate-probe, chlorotetracycline. When permeant anions 

were included in the suspending medium, total divalent metal cation up

take was increased, but the membrane-associated chlorotetracycline site 

remained unoccupied with divalent cations. 

xv 



It is proposed that the transport of divalent metal cations 

across heart mitochondrial membranes consists of at least three phases: 

a) an energy independent binding or association of the metal cation to 

the surface of the mitochondrion; b) an energy-dependent movement of 

the metal to a lipophilic area of the membrane which is accessible to 

the chelate probe, chlorotetracycline; and c) an anion-dependent move

ment of the metal ion toward the matrix space to an area of the mito

chondrion which is not accessible to the chelate probe. 

The effect of calcium and magnesium movement in intact beef 

heart mitochondria on the activity of pyruvate dehydrogenase was ex

amined. It was found that calcium and magnesium addition to unener-

gized beef heart mitochondria caused a time dependent activation of the 

multienzyme complex. The presence of permeant anions also caused an 

enhancement of pyruvate dehydrogenase activity. Energization of the 

mitochondrial membranes eliminated the divalent metal cation-dependent 

activation of pyruvate dehydrogenase except when permeant anions were 

included in the reaction medium. Hence, it is proposed that the intra-

mitochondrial location of the divalent metal cations is a key factor in 

the regulation of the pyruvate dehydrogenase complex. Evidence was also 

presented supporting the suggestion that the control of pyruvate dehy

drogenase in intact beef heart mitochondria may occur via a 

phosphorylation-dephosphorylation mechanism. 

* 



CHAPTER 1 

INTRODUCTION 

The conversion of pyruvate to acetyl-CoA has been implicated 

as a key point of regulation in several metabolic processes. It is 

clear from a consideration of the interconnecting pathways of glycoly

sis, gluconeogenesis, fatty acid synthesis, ketone body production and 

the citric acid cycle that the utilization of pyruvate as a source of 

carbon for acetyl-CoA, as well as a source of reducing equivalents in

dicates that this reaction is in an ideal position for the regulation 

of these various pathways. The importance of the regulation of this 

enzymatic reaction has led to a great many attempts to characterize and 

to understand the function and control of this reaction. 

A thorough understanding of the control of the pyruvate dehy

drogenase multienzyme complex requires a discussion of several related 

areas. First, it is essential to appreciate the structure of the com

plex from both bacterial and mammalian sources. The subunit structure 

and the arrangement of the individual components of the complex greatly 

influence enzymatic function and its regulation. Secondly, it is nec

essary to examine the factors which are thought to control the activity 

of this multienzyme complex. The interrelations between the factors 

that control both the isolated complex and the complex in vivo must be 

understood in order to realistically predict in vivo regulatory control 

mechanisms. In the case of metal ion control of the pyruvate 

1 



dehydrogenase complex, It is necessary to investigate control of these 

ion levels and locations, and then relate these processes to specific 

modes of control of the enzyme complex. This introduction to the lit

erature will attempt to briefly review those topics which have been 

covered by other workers, and will point out possible areas of investi

gation. 

The Bacterial Complex 

The structural organization of the pyruvate dehydrogenase multi-

enzyme complex from bacterial sources was elucidated by Reed and his 

associates (1, 2). These workers found that the pyruvate dehydrogenase 

multienzyme complex from E. Coli has a total molecular weight of about 

4 million and is separable into three distinct enzymes. The three com

ponent enzymes and the reactions catalyzed are as follows [taken from 

Hucho et al. (3)]: 

Pyruvate Dehydrogenase: 

la 
CH C0C09H + thiamine pyrophosphate ^ 
3 ^ 

CH3CH0H-thiamine pyrophosphate + CO2 

and: 

CH^CHOH-thiamine pyrophosphate + oxidized lipoamide 

CH^CO-S-reduced lipoamide (SH) + thiamine pyrophosphate 

lb 
> 



Dihydrolipoyl transacetylase: 

CHgCO-S-reduced llpoamlde (SH) + CoA-SH ) 

CH3CO-S-C0A + reduced lipoamide (SH)2 

Dihydrolipoyl dehydrogenase (a flavoprotein): 

reduced lipoamide (SH^ + NAD+ ) oxidized lipoamide + NADH + H+ 

with the sum of the reactions being: 

CH3C0C02H + CoA-SH + NAD+ ) CH3CO-S-CoA + CC>2 + NADH + H+ 

These three enzymes were shown to be linked in a complex by non-

covalent association and the isolated components were shown to spontane

ously reassociate under the proper conditions. Reed has discussed the 

catalytic and structural role of each of the three components of the 

E. Coli complex and has shown electron micrographs and space filling mod

els of the complex (4). It appears that the E. Coli pyruvate dehydroge- • 

naseisunder two types of control: a) genetic and b) metabolite modula

tion. The genetic and growth condition control of the synthesis and 

degradation of this complex has been discussed by Henning and his co

workers (5, 6), and the metabolic control has been reviewed by Reed (4). 

It was shown by the above cited work with the E. Coli complex 

that this enzyme complex is affected by many normal and stress functions 

of the intact cell. The importance and complexity of control found by 

these workers was substantiated by work in other non-mammalian systems. 

Work by Hirabayashi and Harada (7) using a yeast d6rived enzyme, and 

Crompton and Laties (8) using a plant system, found that complicated 

regulatory schemes involving reaction products, substrates, various 



adenine nucleotides, and phosphoenolpyruvate (9), were probably operating 

to modulate the enzymatic activity of the enzyme. Further, kinetic con

siderations involved in the control of the E. Coli pyruvate dehydrogenase 

complex have been recently examined by Bisswanger and Henning (10). 

The Mammalian Complex 

The pyruvate dehydrogenase multienzyme complex from mammalian 

sources has been the subject of considerable recent investigation. Al

though the basic complex is functionally very similar to the E. Coli 

system described above, many important and physiologically significant 

differences exist. The physical properties of the pyruvate dehydroge

nase complex from heart, liver, kidney and muscle tissue have been shown 

to be a 4 to 9 million molecular weight aggregate of the three major com

ponents analogous to those discussed above for the E. Coli complex (4). 

Recently, Reed and his associates have obtained highly purified 

preparations of the pyruvate dehydrogenase multienzyme complex from beef 

kidney and heart (11), and have studied the subunit structure and aggre

gation properties of the components of the complex (12). These workers 

concluded that this complex was composed of a core made up of the dihy-

drolipolyl transacetylase (molecular weight about 3 million) surrounded 

by the pyruvate dehydrogenase (molecular weight of 154,000) and the fla-

voprotein, dihydrolipoyl dehydrogenase (110,000 molecular weight). The 

three component enzymes of the pyruvate dehydrogenase complex have been 

separated into their respective subunits and an apparent three dimen

sional model for the complex has been given experimental support (12). 

However, since this discussion must be limited to considerations that 



chiefly relate to regulation of this multienzyme complex, only brief 

mention will be made of this data. Reed has suggested (2, 4) that the 

structural arrangement of the pyruvate dehydrogenase complex is essen

tial for the efficient catalytic function of the complex. It was pro

posed that the lipoyl moiety, which is covalently attached to a lysyl 

residue of the dihydrolipoyl transacetylase core, acts as a carrier of 

acetyl units from the pyruvate dehydrogenase to the dihydrolipoyl dehy

drogenase. It is clear that a structure allowing the carrier to be lo

cated in the center of the complex could allow efficient catalysis and 

acetyl transfer to all three catalytic centers. This essential role in 

the catalytic mechanism played by structural interrelationships of the 

various subunits point up the necessity for the intactness of the total 

complex as well as the possibility of substantial regulatory functions 

exerted by slight changes in noncovalent subunit interactions. 

Most relevant to a consideration of the control of the enzymatic 

activity of this enzyme complex is the fact that the pyruvate dehydro

genase component is composed of two nonidentical subunits. The a-subunit 

(42,000 molecular weight) and the g-subunit (37,000 molecular weight) 

appear to combine in an complex. This fact of having nonidentical 

subunits is in contrast to the E. Coli pyruvate dehydrogenase which is 

composed of two identical 96,000 molecular weight subunits (12). This 

difference, as will be seen, is quite significant in the comparison of 

the control mechanisms in the different complexes. 



Regulation of the Mammalian Complex 

The regulation of the pyruvate dehydrogenase complex isolated 

from mammalian sources has been shown to be of two main types: 1) ef

fects of substrate, cofactor and product interactions with the complex, 

and 2) a phosphorylation-dephosphorylatlon control mechanism. Both types 

of control appear to be operative in the regulation of the pyruvate de

hydrogenase activity in vivo. 

Early work by Garland and Randle (13) suggested that the acetyl-

CoA/CoA ratio might be an important regulatory parameter for control of 

the complex. These studies were confirmed later by the studies of Erfle 

and Sauer (14) who used the pyruvate dehydrogenase complex from beef 

heart, and by Harding et al. (15) using the Neurospora complex. However, 

Kanzaki et al. (16) using the pig heart complex, reported that only rela

tively high concentrations of acetyl-CoA would cause inhibition of the 

enzyme: 5 x 10"^ M acetyl-CoA was needed to inhibit the pig heart enzyme 

as opposed to 2 x 10"for the E. Coli complex. Recent work by Blass 

and Lewis (17) have added new questions of the significance of acetyl-

CoA inhibition of pyruvate dehydrogenase activity by reporting that the 

complexes from both ox brain and kidney are not inhibited by acetyl-CoA. 

They suggested that a contaminant in the commercial preparations of 

acetyl-CoA might be responsible for the observed inhibitory effects of 

this compound. Whether this interpretation is supported, or whether the 

observed differences in sensitivity to acetyl-CoA are a function of spe

cies differences, remains to be determined. 



Recently published work from Reed's laboratory (18) indicate 

that both acetyl-CoA and NADH are inhibitors of the purified pyruvate 

dehydrogenase complex from beef kidney. They showed kinetic data that 

acetyl-CoA is competitive versus CoA, and NADH is competitive versus 

NAD+. Reed et al. also presented data showing that both acetyl-CoA and 

NADH are uncompetitive inhibitors versus pyruvate. Most interestingly, 

however, were the observations that kinetics typical of non-competitive 

inhibition were observed for acetyl-CoA versus NAD as well as for NADH 

versus CoA. These results were interpreted as being consistent with a 

three-site ping pong mechanism, as described by Cleland (19). 

The importance of the structural organization of the pyruvate 

dehydrogenase complex in regulation was illustrated by the explanation 

offered for the unusual noncompetitive inhibition kinetics of acetyl-CoA 

and NADH (18). It was postulated that the active sites of the dihydro-

lipoyl transacetylase (the center of the complex) and the dihydrolipoyl 

dehydrogenase are close together. This proximity of active sites might 

allow binding of CoA or acetyl-CoA to the transacetylase to stearically 

hinder binding of NADH or NAD+ to the dihydrolipoyl dehydrogenase. The 

converse could also occur. An explanation that does not presume quite 

as close a physical proximity between the active sites of the dihydro

lipoyl dehydrogenase and the transacetylase might be that the binding 

of either CoA or acetyl-CoA to the transacetylase induces a conformation

al change in the transacetylase which alters the binding of the pyridine 

nucleotides to the dihydrolipoyl dehydrogenase. The importance of the 

structure of this multienzyme complex in understanding its regulatory 

properties may, therefore, be seen. 
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Other workers have also attempted to examine the effector con

trol of the mammalian pyruvate dehydrogenase complex. Most recently 

Bremer (20) has studied the kinetic properties of the pyruvate dehy

drogenase complex from various rat tissues. It was shown that both 

pyruvate and a-ketobutyrate can act as substrates for the enzyme, and 

that acetyl-CoA and propionyl-CoA can act as inhibitors of the enzyme. 

It was pointed out that since the Ki for NADH is significantly lower 

than the Km for NAD+, the NADH/NAD+ ratio might be an important regu

latory factor for the activity of the complex. 

Besides having the product inhibition of the isolated pyruvate 

dehydrogenase complex as a regulator of the catalytic function, evidence 

was presented to suggest that a covalent modification of part of the 

complex was partially responsible for its control. In 1969 Linn et al. 

(21) reported the existence of two new regulatory subunits of the beef 

kidney mitochondrial pyruvate dehydrogenase multienzyme complex. The 

first of these subunits was an ATP-specific protein kinase which phos-

phorylated, and concomitantly inactivated, the pyruvate dehydrogenase. 

The second was a magnesium-dependent protein phosphatase which dephos-

phorylated and reactivated the pyruvate dehydrogenase. This classical 

work described very clearly the discovery of the phosphorylation and de-

phosphorylation of the pyruvate dehydrogenase complex in the mammalian 

derived complex. Later, Wieland and Jagow-Waterman (22) described the 

same phenomenon with the isolated complex from pig heart. Since these 

original reports, evidence has been presented that is consistent with 

the occurrence of this phosphorylation-dephosphorylation phenomenon in 



the isolated or extracted enzyme from rat heart and kidney (23), liver 

(24, 25), and adipose tissue (26, 27), as well as other mammalian tis

sues. Wieland et al. also demonstrated this same phosphorylation-

dephosphorylatlon interconversion with the complex from Neurospora (28), 

however the E. Coli enzyme does not undergo this covalent modification. 

Recent studies from Reed's laboratory (3, 11) have revealed 

interesting structural and regulatory properties of the pyruvate dehy

drogenase kinase and phosphatase from bovine kidney and heart. The 

pyruvate dehydrogenase kinase is tightly bound to the dihydrolipoyl 

transacetylase component of the total complex, and requires a divalent 

metal cation for activity Magnesium or manganese can act as the nec

essary cation, but calcium can not. The Km of the kinase for ATP Mg 

was determined to be about 0.02 mM, while ADP (a competitive inhibitor 

of ATP in this system) was shown to have a Ki of about 0.1 mM. The py

ruvate dehydrogenase kinase phosphorylates only the a-subunit of the 

pyruvate dehydrogenase, and this phosphorylation is inhibited by the 

presence of pyruvate. The substrate for this phosphorylation does not 

appear to be specific, as the kidney kinase will phosphorylate casein 

under the proper conditions. However, the presence of the structural 

integrity of the complex appears to increase the kinase activity mark

edly as the inclusion of the transacetylase decreases the Km of the ki

nase for pyruvate dehydrogenase from 20 to 0.6 1JM. The presence of the 

transacetylase also increased the Vmax of the kinase about 2-fold. 

The pyruvate dehydrogenase phosphatase appears to be loosely 

associated with the complex and also has a requirement for magnesium 



(Km of about 2 mM) or manganese (Km of about 0.5 mM). The phosphatase 

is inhibited by fluoride ions, EDTA, EGTA, and inorganic phosphate. 

Contrary to findings of Wieland and Siess (29), cyclic AMP does not ap

pear to have any effect on the activity of either the pyruvate dehyro-

genase phosphatase or the kinase (3). Two groups have reported data 

implying a central role for calcium ions in the activity of the pyruvate 

dehydrogenase phosphatase (30, 31). Using different systems these work

ers determined that both calcium and magnesium were necessary for maxi

mal phosphatase activity. Pettit et al. (32) identified calcium as an 

essential component of the binding of the phosphatase to the dihydro-

lipoyl transacetylase. This enhanced binding lowered the Km of the phos

phatase for the phosphopyruvate dehydrogenase from 58 to 2.9 yM. 

An interesting aspect of the control of the activity of the py

ruvate dehydrogenase complex derives from inquiring as to why only the 

a-subunit of pyruvate dehydrogenase undergoes phosphorylation and de-

phosphorylation. Since the pyruvate dehydrogenase component is consid

ered to catalyze the irreversable portion of the conversion of pyruvate 

to acetyl-CoA (4), it could be postulated that the a-subunit is a regu

latory subunit and the 3-subunit the catalytic one. This was shown not 

to be the case, however, by Roche and Reed (33). These investigators 

showed that the more likely situation is that the two reactions cata

lyzed by the pyruvate dehydrogenase component are each catalyzed by a 

different subunit. Phosphorylation of the a-subunit only inhibited the 

first reaction (see reactions listed la and lb previously) but had no 

effect on the rate of the second. Further, these authors observed that 

preparations of the pyruvate dehydrogenase components which are deficient 
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in thiamine pyruphosphate were more rapidly inactivated (phosphorylated) 

by the pyruvate dehydrogenase kinase and ATP Mg than preparations to 

which thiamine pyrophosphate had been added. It was determined that 

the thiamine pyrophosphate effect was not due to an effect on the kin

ase but rather that it altered the properties of the pyruvate dehydro

genase. The phosphorylated pyruvate dehydrogenase was shown to bind 

thiamine pyrophosphate with a Kd of 60 pM, while the nonphosphorylated 

component had a Kd of 5 liM. These data imply a relationship between 

thiamine pyrophosphate binding and phosphorylation by the pyruvate de

hydrogenase kinase that could be relevant to the control of the inacti-

vation of the complex. This remains a potential regulatory factor that 

has not been fully investigated. 

Any postulated mechanism for the in vivo control of the pyruvate 

dehydrogenase complex must consider the above mentioned characteristics 

of the control of the isolated system. It appears that possible control 

of the rate of conversion of pyruvate to acetyl-CoA might involve altera

tions in the levels of any of the pyruvate dehydrogenase substrates, co-

factors or products. Further, the important interrelation between the 

changes in levels of all of these factors must be considered when offer

ing an explanation for observed regulation of this mitochondrial complex. 

With regard to the mechanisms involved in the in vivo control of 

the activity of the pyruvate dehydrogenase multienzyme complex, a much 

examined area is the interrelationship between lipid and carbohydrate 

metabolism. The control of the two major fates of mitochondrial pyru

vate offer one of the clearest points of altering carbon flow to carbo

hydrates, ketones, or fatty acids. Whether pyruvate carboxylase and 



pyruvate dehydrogenase successfully compete for available pyruvate may 

be determined by several Important physiological parameters. Work from 

several laboratories indicate that the activity of pyruvate dehydrogen

ase in intact tissues may be regulated by the intracellular level of 

acetyl-CoA. Garland and Randle (34) have shown that with particular 

forms of effector control of in vivo pyruvate dehydrogenase activity, 

it was very difficult to vary only one metabolic parameter at a time. 

For example, several papers have presented evidence that the oxidation 

of pyruvate was strongly inhibited by the presence of octanoate (35-39). 

The presence of octanoate in the medium also correlated with an increase 

in measurable acetyl-CoA, so that it was concluded that acetyl-CoA was 

the inhibitor of pyruvate dehydrogenase (36, 38). However, Stucki et al. 

(39) pointed out that along with this increased acetyl-CoA content came 

an increase in both the NADH and ATP levels. It was clear that both NADH 

[through its action on the dihydrolipoyl dehydrogenase (40)] and ATP 

(acting as part of the ATP Mg necessary for the pyruvate dehydrogenase 

kinase) could act as well as acetyl-CoA to inhibit the rate of pyruvate 

dehydrogenase. 

Many metabolic parameters have been postulated to act as effec

tors of the pyruvate dehydrogenase reaction other than the substrates and 

products of the reaction. One area that will be of particular importance 

in the present studies is the role of divalent metal cations as modula

tors of the pyruvate dehydrogenase kinase and phosphatase. Hucho et al. 

(3) have postulated that the ratio of ATP/ADP might play a role in reg

ulating the level of free magnesium available to activate the pyruvate 

dehydrogenase phosphatase as well as the level of ATP Mg for the pyruvate 



dehydrogenase kinase. Since ATP forms a stable complex with magnesium, 

an increase in the ATP/ADP ratio would lower the free magnesium level 

(inhibiting the phosphatase) while increasing the substrate ATP Mg for 

the kinase. Another regulatory feature of divalent cation levels could 

become apparent with changes in the level of available calcium, which was 

shown previously (32) to dramatically affect the activity of the pyruvate 

dehydrogenase phosphatase. Neither of these regulatory parameters have 

been considered in systems other than the isolated enzyme. The role of 

monovalent cations in control of pyruvate dehydrogenase activity, al

though mentioned by Nicklas et al. (41), has not been pursued experiment

ally. 

The control of the activity of the pyruvate dehydrogenase complex 

through the action of several hormones represents the most recent area of 

investigation into control of the metabolic fates of pyruvate. Jungas 

(42, 43) has provided ample evidence that the pyruvate dehydrogenase com

plex from adipose tissue is under the influence of insulin and epineph

rine. Since the primary direct action of these two hormones was pos

tulated as being alterations in the cellular level of cyclic AMP (44) 

several workers have attempted to relate cyclic AMP directly to pyruvate 

dehydrogenase activity (29, 45). Such a direct correlation, however, re

mains unsupported. Taylor et al. (46) have shown that the treatments of 

fat cells that decrease cyclic AMP levels (i.e., niacin, 5-methylpyrazole-

3-carboxylic acid and prostaglandin Ê ) effectively activate pyruvate de

hydrogenase to the same extent as does insulin treatment. However, even 

in their studies, cyclic AMP did not directly effect isolated pyruvate 
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dehydrogenase activity. Alterations in ATP levels or lipolytic activity 

cannot be ruled out completely in the interpretation of these effects, 

and the suggestion that unknown secondary responses to changes in the 

cyclic AMP level are responsible for the observed effect must be inves

tigated. 

Another suggestion of the possibility of a "third messenger" 

for the action of insulin on fat cell pyruvate dehydrogenase activity 

was made by Martin et al. (27). These workers showed that the effects 

of insulin on fat cell pyruvate dehydrogenase cannot be explained by ei

ther alterations in lypolitic rate or cyclic AMP levels. They suggest 

that the effects of insulin may indeed be due to indirect effects on mi

tochondrial calcium movement: an hypothesis that remains untested. An

other search for the link between insulin and activation of the pyruvate 

dehydrogenase complex led Berman and Halperin (47) to show that under 

certain circumstances insulin might increase pyruvate levels which may 

then inhibit the pyruvate dehydrogenase kinase, causing an apparent acti

vation of pyruvate dehydrogenase activity. However, it was later shown 

that increased cellular pyruvate levels alone, did not cause activation 

of the pyruvate dehydrogenase complex (48). 

Although Wieland's group has shown that the observed hormone ef

fects on pyruvate dehydrogenase activity were mainly due to changes in 

the phosphorylation-dephosphorylation state of the complex (23, 25, 49), 

recent work by Sica and Cuatrecasas (50) suggests that in addition, in

sulin may be altering the level of the enzyme. It was shown that cyclo-

hexamide and puromycin block the insulin effect on pyruvate dehydrogenase 
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in fat pads, while these antibiotics had no effect on the activity of 

the extracted complex. 

It is generally accepted that insulin and epinephrine have an

tagonistic metabolic effects (44). If such were always the case, and 

in the light of the above discussion, epinephrine would be expected to 

inhibit pyruvate dehydrogenase activity. The evidence, however (46, 50) 

indicates that epinephrine inhibits pyruvate dehydrogenase activity for 

only about 5 minutes, then actually causes an activation of the enzyme. 

It is possible that this lack of hormone antagonism is an artifact of 

the experimental system. Epinephrine could actually be causing an inhi

bition of the pyruvate dehydrogenase complex, while an intracellular 

mechanism may be operative to overcome the metabolic block. Lardy and 

his coworkers (51-53) have shown in a somewhat analogous system that the 

quinolinic acid inhibition of phosphoenolpyruvate carboxykinase actually 

increased synthesis of the enzyme and caused an increase in extractable 

enzume activity. Although there are definite differences in the two sys

tems, a possible similarity of the mechanism deserves investigation. 

Since the pyruvate dehydrogenase complex is involved in a key 

branchpoint of metabolism, it is not surprising that the hormonal control 

of this complex is sensitive to many parameters. Recent work by Buse et 

al. (54) indicates that even the nutritional state of an experimental may 

alter the effects of insulin and epinephrine on the rate of the pyruvate 

dehydrogenase step. It is clear from this work, as well as from the 

above discussion, that a fuller understanding of the many processes in

volved in tissue responses to hormone treatment is required. Further, 
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what is needed in order to link hormone-induced tissue responses to al

terations in the activity of the pyruvate dehydrogenase complex is an 

examination of the control of this complex in mitochondrial systems. 

Since this enzyme complex resides within the mitochondrion (4), the re

lationship between the mitochondrial processes involved in oxidative 

phosphorylation, the citric acid cycle and especially divalent cation 

movement as they effect pyruvate dehydrogenase activity must be explored. 

Isolated enzyme studies have Implicated calcium and magnesium as being 

possible pyruvate dehydrogenase regulatory factors (3, 5, 33) so that 

control of levels of these two metal cations deserves consideration. 

Control of Magnesium Levels 

The divalent metal ion, magnesium, serves as an essential con

stituent of a number of enzymatic reactions [see review by Mildvan (55)]. 

One crucial but poorly defined facet of cellular metabolism is whether 

the ratio of bound to free magnesium is involved in the regulation of 

metabolism. An implication that magnesium serves as the regulator of 

certain enzymatic steps, requires documentation that the level of 

available magnesium changes over a reasonable concentration range in 

a specific cellular compartment during or preceding a regulatory event. 

Since inorganic metal ions unlike other types of effector molecules are 

not readily synthesized or interconverted in biological systems, three 

plausible mechanisms may be postulated for the alteration of cellular or 

compartmentalized magnesium concentrations: a) changes in the concentra

tion of magnesium might be caused by an increased flux of magnesium into 

or out of the tissue depending upon the concentration of magnesium of the 

I 
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blood; b) changes in the magnesium concentration of a cell or of sub

cellular organelles may result from selective changes in the permeabil

ity of the cellular membranes to magnesium; or c) changes in the free 

magnesium level may result from alterations in the binding or release 

of magnesium from binding site(s) within each cell. 

It is unlikely that changes in the tissue concentration of mag

nesium result from alterations in the magnesium level of the perfusing 

blood. Various studies of magnesium deficiency states have shown that 

deprivation of dietary magnesium in various species results in a decrease 

in the blood level of magnesium to as little as 20 percent of the normal 

level over a prolonged period without significant changes in the magnesi

um content of heart, liver, kidney or any soft or muscular tissues (56). 

That the transport of magnesium from one cellular compartment to 

another, e.g., from the cytosol to the mitochondrion, may represent a rea

sonable mechanism for the alteration of compartmentalized magnesium lev

els was suggested from the studies of Brierley et al. (57). These au

thors demonstrated an energy-dependent accumulation of magnesium and the 

inorganic anion phosphate by isolated beef heart mitochondria. Also, it 

was shown that the accumulation (58-60) and exchange (61) of magnesium 

in liver mitochondria were energy-dependent processes. The critical 

problem concerning these magnesium uptake studies is the uncertainty of 

whether an actual change in the level of intramitochondrial free magne

sium occurred during the energized uptake of magnesium. A technique is 

needed which can independently monitor differences in the distribution 

of magnesium between its free and bound forms in various membraneous 



systems. Rose (62) proposed an approach to this problem utilizing the 

dependence of the adenylate kinase equilibrium on the concentration of 

free magnesium in its enviornment. He demonstrated that the free mag

nesium concentration of intact or lysed erythrocytes was sufficiently 

low to indicate that a significant proportion of the ATP and ADP of the 

cells was in the uncomplexed form. In addition, the sum of the magne

sium bound to nucleotides and that which was free only equaled half of 

the total magnesium of the cell. The question of the nature of the li-

gand responsible for the binding of the remaining half of the cellular 

magnesium remains unanswered; however, that the erythrocyte membrane may 

possess binding sites for magnesium has not been either demonstrated or 

refuted. The procedure suggested by Rose (62) has not been effectively 

extended to studies on the distribution of magnesium in mitochondrial 

systems. 

The physical distribution of magnesium in the various compart

ments of liver and heart mitochondria was reported by Bogucka and 

Wojtczak (63). These authors suggested that approximately 90 percent 

of the mitochondrial magnesium was contained in the intermembrane or 

matrix compartments. The membrane fractionation procedures used in 

these studies may have obscured the actual distribution of magnesium 

between the membranes and the soluble compartments. These authors also 

showed that magnesium could move out of the mitochondrial matrix after 

various treatments. This mobilization or release of intramitochondrial 

magnesium was effected by the incubation of the mitochondria with un-

couplers and ADP, and was originally reported by Kun et al. (64-66). 
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Kun (67) has postulated that the origin of the magnesium released from 

the mitochondria upon incubation with dinitrophenol plus ADP was magne

sium bound to the inner mitochondrial membrane without presenting data 

to this effect. This release of magnesium from the mitochondria may be 

prevented by the inclusion of a cytoplasmic metabolic factor (CMF) in 

the mitochondrial incubation. 

Recent studies from Veech's laboratory (68) indicated that the 

free magnesium concentration of various tissues appears to be relatively 

constant. However, these workers employed techniques which obscured 

changes in magnesium binding that might have occurred within given mem

brane or protein areas. These authors also used the unsupported assump

tion that all anionic species have equal access to, and a constant affin

ity for, magnesium pools; the effects of local pH, potassium, sodium and 

calcium ion concentrations were not taken into account. 

The possible changes in mitochondrial concentrations of free or 

bound magnesium as they relate to metabolic processes has not been exam

ined. Further, whether the rapid and reversable regulation of the mito

chondrial pyruvate dehydrogenase complex is influenced by mitochondrial 

control of magnesium levels remains to be established. 

Control of Calcium Levels 

The mechanisms by which cells regulate their content of free and 

bound calcium seem to either revolve around the ability of their mito

chondria and sarcoplasmic reticulum to bind and release calcium ions, or 

on their membrane ATPase systems to control cellular calcium uptake and 

efflux. The control of plasma membrane uptake and efflux of calcium has 
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been the subject of a great deal of investigation, and recently Brinley 

has reviewed the subject (69). 

The importance of the control of intracellular calcium levels is 

illustrated by an examination of one of the factors effecting erythrocyte 

function. It is known that the viscosity of venous blood is greater than 

that of arterial blood, and it is also known that the major contributor 

to blood viscosity is the erythrocyte membrane (70, 71). The mechanism 

of the control of this variable erythrocyte rigidity was unexplained, ex

cept that it appeared that high levels of membrane bound calcium seemed 

to be present in the most rigid erythrocyte suspensions. Recent work by 

Chau-Wong and Seeman (72) offers an interesting explanation for this 

phenomenon. These workers demonstrated that erythrocytes from oxygena

ted blood contained substantially higher ATP levels than cells from ven

ous blood. These higher ATP levels in turn correlated with lower levels 

of membrane bound calcium, and reduced their rigidity. Whether these 

reduced membrane bound calcium levels were due to an ATPase activity or 

to a chelation by ATP was not clear. 

In a quite different system, ATP was found to increase the lev

el of calcium bound to the plasma membrane. Mijjar and Pritchard (73) 

have shown that ATP greatly enhances the calcium binding to the plasma 

membrane from rat submandibular glands. It was found that addition of 

either epinepherine or cyclic AMP enhanced the effect of ATP without 

increasing any apparent ATPase activity. These interesting results show 

k a possible relation between calcium binding and the process of exocrine 

secretion. 
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An enhancement as well as an inhibition of plasma membrane cal

cium binding is seen instill another system. Calcium binding to the rat 

liver plasma membrane is inhibited by ATP at low calcium concentrations 

and enhanced at high calcium concentrations (74). It appears that the 

majority of the calcium binding is associated with acidic phospholipids 

and neuraminic acid, however, the role of ATP in effecting this binding 

is unclear. 

When discussing the role of the plasma membrane in control of 

intracellular calcium levels as effected by ATP, it is clear that each 

individual tissue must be examined independently. It should be pointed 

out that in some tissues it appears that the plasma membrane is not im

portant in control of cellular calcium levels. Cittadini et al. (75) 

have recently demonstrated that the Ehrlich Ascites tumor cell is com

pletely permeable to calcium ions. It was shown that ascites tumor cells 

behave exactly like isolated mitochondria as regards calcium uptake and 

release. It seems that these cells are permeable to magnesium as well, 

and that the only control of intracellular free metal levels is through 

mitochondrial function. 

Although these results with Ascites cells must be recognized as 

being from tumor tissue, the importance of mitochondrial control of nor

mal cellular calcium levels cannot be discounted. Using isolated kidney 

cells, Borle (76) studied the distribution of ̂ Ca+2 and the kinetics of 

the changes in flux. He determined that the most effective control of 

cellular calcium levels was through mitochondrial function. It was shown 

also that control of the level of calcium in extracellular fluids may be 

subject to mitochondrial control, 
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Mitochondrial Calcium and Magnesium Transport 

The first report of energy dependent mitochondrial divalent ca

tion uptake was by Vasington and Murphy (77). These authors demonstra

ted that the mitochondrial uptake of calcium required a source of meta

bolic energy. Since this original report, an enormous amount of work 

has gone into the study of the mechanism and control of this important 

process. The literature in this field has been reviewed several times 

recently (78-80) so that this discussion will be limited to several top

ics which might directly effect control of mitochondrial cation levels, 

and might therefore indirectly effect mitochondrial reactions. 

The major observations that have contributed to the current un

derstanding of mitochondrial divalent metal ion transport are: 1) both 

calcium and magnesium ions may be accumulated by mitochondria in an en- . 

ergy dependent process (77, 81-84); 2) both calcium and magnesium have 

what appears to be several types of binding sites on the mitochondrial 

membrane (84-87); and 3) a carrier-mediated mechanism may be operative 

in the process of mitochondrial divalent metal ion translocation (88-91). 

Although calcium and magnesium are both transported by mitochon

drial systems, it appears that they are not transported by the same pro

cess or mechanism. Chance (82) has shown that there exists a definite 

stoichiometric relationship between calcium uptake and oxygen utilization 

by rat liver mitochondria. This led Rossi and Lehninger (81) to postu

late that mitochondrial calcium uptake and oxidative phosphorylation were 

alternative processes. Work by Chappell et al. (92) and Carafoli et al. 

(93) has shown, further, that mitochondrial strontium and manganese trans

port follows the same processes as calcium transport: they both stimulate 



mitochondrial oxygen uptake, and they both compete with calcium for 

mitochondrial uptake. Magnesium transport, however, appears to be 

somewhat different. Lehninger et al. (78) point out that magnesium 

does not stimulate oxygen consumption by rat liver mitochondria under 

conditions favorable for calcium or strontium uptake. Brierley and 

his co-workers (83, 84) reported, however, that beef heart mitochon

dria rapidly accumulate magnesium in the presence of an oxidizable sub

strate and an effective counter ion. The amount of magnesium taken up 

in these studies was small compared to the case of calcium uptake, and 

simultaneous stoichiometric uptake of the counter ion was reported. 

Further studies on the mitochondrial uptake of magnesium indicate that 

the presence of sucrose in the incubation medium (94), the addition of 

parathyroid hormone in certain systems (95), and the presence of zinc 

(96) all enhance magnesium uptake. 

The most recent work in the area of mitochondrial divalent ca

tion transport concerns the isolation of calcium binding glycoproteins 

from rat liver mitochondria. These compounds have been extracted and 

compared to various parameters of calcium transport (91, 97). Calcium 

binding to these glycoproteins is inhibited by inhibitors of mitochon

drial calcium transport such as lanthanum and ruthenium red, and the 

number and affinity of the binding sites correlate with those of in

tact liver mitochondria. These glycoproteins also bind a series of di

valent cations with the same relative affinities as liver mitochondria, 

indicating their probable importance as essential sites of mitochondri

al calcium binding and transport. Whether a similar glycoprotein from 
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heart mitochondria can bind magnesium analogously to the liver-calcium 

system remains to be investigated. 

Techniques for Examination of 
Calcium and Magnesium Movements 

The techniques used in most of the above studies either involve 

methods of physical separation in order to determine the extent of mito

chondrial cation uptake, or else utilization of an indicator dye (mur-

exide in the case of calcium movements) to observe changes in medium met

al levels. Chance (90) has postulated that the processes involved in 

mitochondrial divalent cation uptake may be composed of some events which 

are primarily cation binding, and some which are actual cation translo

cation. The movement of divalent cations within the mitochondria, within 

or to some membranous area might be quite important in certain control 

processes. However, the techniques cited above preclude studies which 

must investigate the differences between binding and actual metal trans

location. 

An approach to this problem was reported by Chappell et al. (92) 

in which manganese uptake was followed in liver mitochondria using EPR 

and pulsed-NMR techniques. Their observations indicated that manganese 

was accumulated by the mitochondria in the absence of phosphate at a 

site where all the water ligands had been replaced, or at a site which 

was inaccessible to water. Presumably this represents the interior of 

the membrane and probably a very hydrophobic area of the membrane. If 

the manganese uptake experiment was accomplished in the presence of 

phosphate, the divalent metal was bound to the mitochondria in a form 
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which indicated that the manganese was out of solution possibly as 

Mr̂ CPÔ z and the access of the manganese to water was limited to an 

even greater extent. 

Unfortunately, this approach cannot be used for studies of ei

ther calcium or magnesium uptake: the diamagnetic nature of these ca

tions precludes monitoring their movement with EPR. In an attempt to 

solve this problem, Caswell and his associates have studied the use of 

a fluorescent chelate probe that is sensitive to the polarity of its en

vironment. It has been known for many years that the tetracycline anti

biotics were associated with divalent cations, and that these antibiotics 

tended to localize in membranous parts of tissues (98, 99). Later, Saxen 

postulated that the toxic effects seen in some situations of tetracycline 

administration were due to the fact of the antibiotic-metal association 

(100). Cammarata and Yau (101) demonstrated that even tetracycline anti

bacterial activity (as measured by inhibition of E. Coli growth) was re

lated to the stability of the various tetracycline-metal complexes. 

With this information it was reasonable to investigate the tetracyclines 

as possible membrane-associated divalent cation probes. 

Caswell and Hutchison (102) have recently reported that the tet

racycline antibiotic, chlorotetracycline, formed a fluorescent complex 

with both calcium and magnesium ions. The fluroescence quantum yield of 

this complex was greatly enhanced if it was in a hydrophobic medium. 

Further, it appeared that this fluorescent metal-chlorotetracycline com

plex partitioned into hydrophobic solvents and into various biological 

membranes. Later work by these same authors (103) demonstrated that the 



calcium and magnesium chlorotetracycline complexes had relatively simi

lar fluorescent properties, but that the circular dichroism patterns 

were different. It was also shown that the chlorotetracycline-metal 

complex was approximately 1:1 in nonaqueous solvents. This led Caswell 

and Pressman (104) to study the kinetics of some ionophores. Their re

sults showed a reasonable correlation between chlorotetracycline-

associated fluorescence changes and known effects of the ionophores. 

It was therefore predicted that chlorotetracycline could be an effec 

tive probe of membrane-associated calcium and magnesium movements. 

The only examination of mitochondrial divalent cation movements 

employing the fluroescence of chlorotetracycline was done by Caswell 

(105). In this study it was reported that calcium binding was the pri

mary-occurrence in coupled mitochondria, while magnesium was bound by 

uncoupled mitochondria. These conclusions were based on rather small 

fluorescence differences of the magnesium- and calcium-chlorotetra-

cycline complex, and no direct calcium or magnesium assays were used. 

Caswell also concluded that chlorotetracycline was a probe of metal as

sociation to the inner surface of the inner mitochondrial membrane. 

This conclusion was based on observed fluorescence changes induced by 

manganous ions, and on experiments done in the presence of acetate ions. 

The effects of the paramagnetic manganous ions on the chlorotetracy-

cline-associated fluroescence of mitochondria are open to numerous in

terpretations, especially in the presence of permeant anions (see 92). 

Therefore, this study leaves open the potential usefullness of chloro

tetracycline as a probe of membrane-divalent cation interactions, but 

to be fully understood extensive work must still be performed. 
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Calcium and Magnesium as 
Metabolic Control Elements 

Ample precedent exists for the justification of examining the 

role of calcium and magnesium as possible effectors of pyruvate dehy

drogenase activity. Meli and Bygrave (106) demonstrated that the mag

nesium to calcium ratio was an important factor in the rate of pyruvate 

kinase activity in vitro. Later work by Kurokawa and Rasmussen 

(107)showed that changes in the cationic environment of the cytoplasm 

may play a key role in the regulation of renal gluconeogenesis. Mito

chondrial function is also effected by the associated calcium or mag

nesium level, as has been demonstrated by Hunter and Ford (109) several 

years ago: it appears that calcium enhances the NAD+ permeability of 

mitochondria. Cytoplasmic calcium levels have been postulated to play 

a key role in the effects of various hormones on cyclic AMP-associated 

effects (110). Magnesium levels also appear to be important in the con

trol of such things as the cyclic AMP effects on muscle phosphorylase 

kinase activity (111). Although this listing of the metabolic effects 

of calcium and magnesium is nowhere near complete, it does serve to 

make the point that several systems are sensitive to levels of those di

valent cations. 

Rationale 

The objective of the following study was to examine mechanisms 

involved in the regulation of the pyruvate dehydrogenase multienzyme 

complex in intact mitochondrial systems. Specifically, the major focus 

of the research was to establish whether or not pyruvate dehydrogenase 



in mitochondrial systems may be regulated by a phosphorylation-

dephosphorylation mechanism as has been suggested on the basis of the 

work of others using purified pyruvate dehydrogenase. 

The initial experimental consideration was to determine whether 

or not the rate of pyruvate oxidation in intact heart mitochondria could 

be regulated by alterations in the divalent metal cation and ATP con

tents of the mitochondrial incubation. Secondly, it was considered es

sential to characterize factors influencing the transport of divalent 

metal cations through or movement within mitochondrial membranes—such 

that these metal cations might serve as regulators of either the acti

vation or inhibition of pyruvate dehydrogenase. 

Finally, it was essential to document experimentally using in

tact mitochondria that inactivation of pyruvate dehydrogenase results 

from the phosphorylation of the enzyme complex while activation re

sults from its dephosphorylation. 



CHAPTER 2 

MATERIALS AND METHODS 

Rabbit Heart Mitochondria 

Rabbit heart mitochondria were prepared according to the proce

dure of Von Korff (112) using a homogenization medium containing KC1, 

0.18 M; EDTA, 5 mM; and defatted (113) bovine serum albumin, Fraction V, 

0.5% w/v. Isolated mitochondria were used for the experiments within 

two hours after their isolation and were stored without aeration at a 

mitochondrial protein concentration of from 15 to 30 mg/ml prior to 

their use in the experiments. Protein concentrations were estimated us

ing a biuret procedure (114). Oxygen consumption was measured using a 

Clark-type oxygen electrode (Yellow Springs #5331) in a glass and teflon 

reaction chamber in which the volume of the reaction may be varied over 

the range of 2.0 to 20.0 ml. All experiments were performed at a con

stant temperature of 28°C. Samples (2.5 ml) of the mitochondrial incu

bations were withdrawn rapidly and were deproteinized with perchloric 

acid (6% w/v). The perchloric acid extracts were neutralized with a so

lution containing 3 M potassium carbonate plus 0.5 M triethanolamine 

base. Assays for adenine nucleotides were performed according to the 

procedures of Williamson and Corkey (115). The enzymes used in these 

enzymatic-fluorometric assays were obtained from Boehringer Mannheim 

Corporation. Magnesium levels were determined in these mitochondrial 

experiments using a Beckman Atomic Absorption Spectrophotometer. 

29 



Samples (5.0 ml) were withdrawn from the reaction chamber and were 

mixed with 1.0 ml of cold reaction medium containing EDTA so that the 

final concentration of EDTA was 10 mM. The sample was centrifuged at 

27,000 x g for three minutes. Assays for magnesium were performed on 

the supernatant directly and on the pellets after treatment with 1.0 ml 

of 11.6 N HC1 for 12 hours at 37°C to hydrolyze the mitochondrial pro

teins. Absorption measurements of the mitochondrial suspensions were 

made using a Hitachl-Perkin-Elmer Model 356 Dual Beam Spectrophotometer 

using the wavelength pair 340-374 nm to monitor intramitochondrial py

ridine nucleotides. Labeled citric acid cycle intermediates and related 

amino acids were separated and identified using anion exchange column 

chromatography as described by Von Korff (112). 

The uncoupler p-trifluoromethoxyphenylhydrazone of carbonyl 

cyanide (FCCP) was the generous gift of Dr. P. G. Heytler of the E. I. 

DuPont DeNemours Co. The following compounds were obtained from the 

following sources: 1,10 phenanthroline (0-phenanthroline), Sigma Chemi

cal Co.; m-phenanthroline, Dr. Cyrle Parkanyi, Department of Chemistry, 

University of Texas at El Paso; 2,2-dipyridyl (ct,a-dipyridyl), Fisher 

Scientific Co.; 4,4-dipyridyl (Y,Y~dipyridyl), Aldrich Chemical Co.; 

ammonium purpurate (Murexide), K and K Laboratories, Inc. L-asparagine 

(U)-̂ C was obtained from New England Nuclear Corp. All other sub

strates and reagents were of reagent grade and were purchased from com

mon suppliers. 

The stability constants of the chelator metal complexes were 

taken from 0'Sullivan (116). For the reaction between the metal (M) 
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and the llgand (L): M + L = ML, the stability constant is defined as 

K = [ML] 
[M] [L] 

The values of K, the metal-ligand stability constant, were determined at 

25-30°C, at an ionic strength in the range of 0.01 to 0.5, and at approx

imately neutral pH. 

The reaction mixture used in these experiments contained potassi

um chloride, 0.18 M; and potassium phosphate, 2 mM; pH 7.2. The exact 

reaction conditions of each experiment are shown in the figure legends. 

Magnesium was added as the chloride unless otherwise noted. All chela

tors were added to the mitochondrial incubations as neutralized potassium 

salts. 

Beef Heart Mitochondria 
and 

Submitochondrial Particles 

Heavy beef heart mitochondria were prepared essentially by the 

procedure of Low and Vallin (117). Beef hearts were transported from 

the slaughterhouse in ice, immediately after killing. All procedures 

were then performed so as to keep the mitochondrial preparation between 

0-4°C. After trimming fat and connective tissue off the ice cold heart, 

it was cut into small pieces. The pieces were then passed through a pre-

cooled electric meat grinder, into a beaker containing 0.25 M Sucrose, 

and the pH was adjusted to 7.5 with 1 M Tris. This suspension was 

drained through double layers of cheese-cloth, and was then resuspended 

k (about 500 g tissue per liter solution) in 0.25 M sucrose containing 

0.015 M EDTA. This suspension was adjusted to pH 7.4 with 1 M Tris, and 



divided into 1 liter aliquots. These aliquots were homogenized three 

times for 45 seconds with a Polytron tissue homogenizer (Brinkman In

strument Company) at a setting of 5. The homogenate was centrifuged at 

350 x g in a refrigerated Sorvall RC2-B centrifuge for 20 minutes, and 

the supernatant was collected through a double layer of cheese-cloth. 

This supernatant was then centrifuged at 10,000 x g for 15 minutes, and 

the red-brown pellet was resuspended in 0.25 M sucrose with 0.01 M 

Tris-chloride, pH 7.4. This suspension was then homogenized gently with 

a glass-teflon homogenizer, and then centrifuged at 17,000 x g for 10 

minutes. The resulting pellet contained an upper layer of light mito

chondria which were discarded, and a lower dark layer of heavy mito

chondria which was collected in the sucrose-Tris solution and rehomog-

enized. This solution of heavy mitochondria was then centrifuged at 

17,000 x g for 10 minutes and the resultant pellet was resuspended and 

re-homogenized in 0.25 M sucrose so that the final mitochondrial pro

tein concentration was about 20 mg/ml. This solution was divided into 

small aliquots and stored at -80°C until use. 

Submitochondrial particles were prepared using a slight modifi

cation of the procedure of Racker (118). Three types of submitochondri-

++ al particles were prepared from beef heart mitochondria: ETP , ETP -Mg 
H H 

-1-1-
and ETP̂ -EDTA. During the preparation of the ETP̂ -Mg and ETP̂ -EDTA 

particles, frozen beef heart mitochondria were diluted in 0.25 M sucrose 

containing either 7.5 mM magnesium chloride or 7.5 mM potassium EDTA 

prior to the preparation of submitochondrial particles. The solutions 

were sonicated in an ice bath in 30 ml aliquots for four times 40 sec

onds at 2.5 amps using a Branson Sonifier (Branson Instruments, Stamford, 



Conn.). This solution was then centrifuged at 12,000 x g in a refriger

ated Sorvall RC2-B centrifuge. The supernatant was then centrifuged at 

105,000 x g for 45 minutes in a Spinco Ultracentrifuge and the pellet 

resuspended in 0.25 M sucrose. This centrifugation was repeated twice 

in 0.25 M sucrose to wash the particles free of any excess MgCl̂  or 

EDTA. The twice washed pellet was then resuspended in a small volume 

of 0.25 M sucrose so that the submitochondrial particles protein con

centration was about 20 mg/ml. The particles were then stored in small 

aliquots at -80°C until use. 

Mitochondrial and submitochondrial particle protein concentra

tions were determined using a biuret procedure (114). It should be 

noted that both the magnesium and EDTA treated particles were washed 

twice with 0.25 M sucrose containing neither magnesium chloride nor 

EDTA during subsequent steps in the preparative scheme. All experi

ments were performed using freshly prepared, unfrozen submitochondrial 

particles or using particles which had been frozen at -80°C for no 

more than 48 hours. 

Fluorescence measurements using submitochondrial particles 

treated with the chelate probe, chlorotetracycline, were accomplished 

using a Perkin-Elmer MPF-2A spectrofluorimeter according to the proce

dure of Caswell (105). An excitation wavelength of 410 nm and an 

emission wavelength of 560 nm were used for the chlorotetracycline-

treated particles throughout the present studies. For experiments emr-

ploying the membrane probe l-analino-8-naphthalene sulfonic acid (ANS), 
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the wavelength pair 38CH480 nm was used (119). Light scattering (90°) 

was measured by setting both excitation and emission wavelengths of 

the fluorimeter at 560 nm. 

In experiments requiring the determination of magnesium levels 

of the submitochondrial particles, samples (2 ml) were withdrawn from 

the reaction vessel (volume, 10 ml), the particles were sedimented (15" 

minutes at 48,000 x g at 0°C), and the resultant pellets were hydrolyzed 

in 11.6 N HC1 for 24 hours at 25°C. Magnesium and calcium were deter

mined directly using an atomic absorption spectrophotometer using ap

propriate standards. Magnesium or calcium levels reported in the fig

ures and tables represent the level of the divalent ion remaining within 

or attached to the submitochondrial particles. 

Incubations of submitochondrial particles were performed using 

a reaction mixture containing either sucrose, 310 mM, and Tris-chloride, 

20 mM, at pH 6.7, or potassium chloride, 180 mM, and Tris-chloride, 

20 mM, at pH 6.7. A maximal decrease in the chlorotetrachcline associ

ated fluorescence following energization of the submitochondrial parti

cles with succinate was observed using reaction mixtures with a pH of 

6.7. The reaction volume was 2.0 ml except when samples were taken 

for the analysis of magnesium in the particles. 

The binding of chlorotetracycline to submitochondrial particles 

was measured in the following manner: using the reaction conditions 

noted in the figure legends, submitochondrial particles at various pro-

t tein concentrations were incubated at room temperature; samples (2.0 ml) 

were withdrawn and centrifuged for 30 minutes at 48,000 x g at 0°C; an 
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aliquot (1.0 ml) of the supernatant solution was mixed with 1.0 ml of 

ethanol (95%) containing 25 mM MgCl̂ ; the fluorescence of this mixture 

was determined using the wavelength pair 390->520 nm. These fluores

cence measurements were quantitated using standard solutions of chloro-

tetracycline and magnesium in ethanol. 

Fluorescence measurements using the chelate probe, chlorotetra-

cycline with whole beef heart mitochondria were accomplished using a 

Perkin-Elmer, MPF-2A spectrofluorimeter. An excitation wavelength of 

400 nm and an emission wavelength of 520 nm were used to detect changes 

in the fluorescence of the probe, chlorotetracycline, unless otherwise 

noted in the individual figures. For experiments employing the membrane 

probe, l-anilino-8-naphthalene sulfonic acid (ANS), the wavelength pair 

380-*480 nm was used. Light scattering (90°) was measured by setting 

both the excitation and emission wavelengths of the fluorimeter at the 

same value as in fluorescence measurements except that no chlorotetra

cycline was included in the reaction medium. 

Incubations of the mitochondria were performed using a reaction 

mixture containing sucrose, 310 mM, and Tris-chloride, 20 mM, at pH 6.7. 

The reaction volume was 2.0 ml except when samples were taken for magne

sium or calcium analysis. The temperature at which all of the experi

ments were performed was 23°C. 

The uptake of magnesium by mitochondria was measured in the fol

lowing manner: using the reaction conditions noted in the individual 

figure legends, 1 ml samples of the reaction mixture were withdrawn and 

centrifuged at 27,000 x g for 10 seconds at 0°C. The pellet was quick

ly resuspended {in 5 ml of an ice cold buffer containing 310 mM sucrose 



and 20 mM Tris-chloride, pH 6.7. This suspension was recentrifuged at 

the same speed. The washed pellet was extracted twice with 2 ml of 10% 

trichloroacetic acid, centrifuged for 10 minutes at 12,000 x g, and the 

pooled extracts were used directly in the magnesium analysis. Magnesi

um was assayed using a Beckman atomic absorption spectrophotometer. 

Standard magnesium chloride solutions containing 10% trichloroacetic 

acid were used to quantitate the magnesium in the mitochondrial extracts. 

Radioactive calcium uptake by beef heart mitochondria was meas

ured using sampling and extraction procedures similar to those used in 

the magnesium uptake in experiments. The washed pellet containing the 

A C  I  |  
HJCa taken up by the mitochondria was dissolved in 15 ml of Aquasol 

(New England Nuclear, Boston, Mass.) and counted using standard scin

tillation counting procedures. 

Chlorotetracycline and l-anilino-8-naphthalene sulfonic acid 

were purchased from Nutritional Biochemicals Corporation. Aqueous solu

tions of these two membrane probes were prepared fresh each day. The 

antibiotic, A23187 was obtained from the Eli Lilly Laboratories. All 

other chemicals or materials used were of reagent grade and were pur

chased from common commercial suppliers. 

The Assay of Pyruvate Dehydrogenase 
Activity in Isolated Beef Heart Mitochondria 

Heavy beef heart mitochondria were prepared as described in the 

preceding section. The mitochondria were stored at -80°C in small ali-

quots in 0.25 M sucrose and were thawed rapidly before use. Mitochon

drial protein concentration was determined using a biuret procedure 

(114). 



The buffer used in both the preincubations and in the enzyme 

assay contained the following: sucrose, 310 mM; thiamine pyrophosphate, 

0.4 mM; cysteine, 2.6 mM; oligomycin, 1 pg/ml; and Tris-chloride, 20 mM, 

pH 6.7. This buffer was chosen because it allowed maximal energy-

dependent divalent cation movement in both mitochondrial and submito-

chondrlal particle systems and was compatible with the measurement of 

pyruvate dehydrogenase activity. The assay for pyruvate dehydrogenase 

14 
was the measurement of the decarboxylation of 1- C-pyruvate (46, 50). 

This assay was performed by adding mitochondria (0.8 mg) to flasks 

(25 ml) containing the assay buffer (2.0 ml) described above. Addi

tions to the individual preincubations are noted in the figures. The 

various flasks were incubated with constant shaking at 24°C for the 

times indicated in the figures, and the contents were rapidly chilled 

to 4°C prior to the assay procedure. Pyruvate, 1.0 mM; NAD+, 0.4 mg/ml; 

CoA, 0.15 mg/ml; oxalacetate, 2.5 mM; and Lubrol 0.01% were added. The 

assay was initiated by adding 1-̂ Ĉ-pyruvate (New England Nuclear, Bos

ton, Mass.) so that each flask contained 140,000 cpm. The flasks were 

capped with rubber serum stoppers equipped with plastic center wells 

(Kontes Glass Co., Vineland, New Jersey) and were incubated in a shak

ing water bath for 5 minutes at 37°C. After 5 minutes of incubation, 

1 ml of cold, 18% perchloric acid was injected into flasks through the 

rubber stoppers. Protosol (New England Nuclear, Boston, Mass.) was in

jected (0.3 ml) into the plastic center wells and the tubes were shaken 

gently for 1 hour at room temperature. The center wells containing the 

14 
absorbed CÔ  were transferred to scintillation vials containing 10 ml 

of Omnifluor (New England Nuclear, Boston, Mass.) and were counted using 



standard scintillation counting techniques. Controls were treated ex

actly as the experimental samples except that the 1 ml of perchloric ac

id was added to the assay prior to the 37°C incubation. Each assay was 

performed in duplicate, and no activity was observed if either NAD or 

CoA was omitted from the assay medium. The assay was linear for at 

least 14 minutes and the activity expressed as counts per minutes of 

14 
CO2 produced per minute of the 37°C assay per milligram of mitochon

drial protein. The counts derived from the control flasks to which ac

id was added prior to the assay were subtracted from the assays of the 

experimental flasks. 

In order to assure that the activity of pyruvate dehydrogenase 

measured in these experiments was due to the presence of the enzyme 

within the mitochondrion and was not a measure of enzyme which has dis

sociated because of the storage procedure at -80°C, mitochondria were 

washed by centrifugation. Although the data is not shown, no pyruvate 

dehydrogenase activity was observed in the washing solution, while vir

tually full activity was observed in the mitochondrial pellet. Although 

the freezing and thawing due to the storage conditions may have altered 

subtly the association of pyruvate dehydrogenase with the membrane, 

these conditions did not cause the dissociation of the enzyme from the 

mitochondrial membranes. 

All compounds used in these experiments were of the highest pur

ity available and were purchased from common commercial suppliers. 
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Extraction of the Pyruvate Dehydrogenase 
Complex from Beef Heart Mitochondria 

Heavy beef heart mitochondria were prepared as described previ

ously. The mitochondria were stored at -80°C in small aliquots in 

0.25 M sucrose, and were thawed immediately before use. Mitochondrial 

protein concentration was determined using a biuret procedure (114). 

The buffer used in both the assays and incubation contained the 

following: 310 mM sucrose, 0.5 mM thiamine pyrophosphate, 2.6 mM cys

teine, 1 yg/ml oligomycin, and 20 mM Tris-chloride, pH 6.7. This par

ticular buffer was chosen because it allowed maximal cation movement in 

both mitochondrial and submitochondrial systems as well as significant 

pyruvate dehydrogenase activity. 

In order to assay the pyruvate dehydrogenase activity of mito

chondrial extracts, the production of NADH from NAD was measured spectro-

photometrically. From 0.02 to 0.2 ml of mitochondrial extract was added 

to 2 ml of the assay buffer described above. Td this was added pyruvate, 

2.5 mM; Lubrol, 0.01%; NAD, 0.4 mg/ml; KCN, 1 mM; MgCl2, 5 mM. The ab-

sorbance change using the wavelength pair 340-374 nm was measured using 

a Hitachi Perkin-Elmer model 356 spectrophotometer. The reaction was 

started by the addition of CoA to a final concentration of 75 yg/ml and 

the absorbance change for the first 5 minutes was recorded. Though the 

reaction was linear for the first 5 minutes, the absorbance change over 

the first minute was considered as the initial velocity. There was no 

change in absorbance when NAD, pyruvate, or CoA were omitted from the 

assay, and without magnesium the reaction rate was significantly lower 

than in its presence. Although the KCN was only essential for maximal 



activity during the first stages of extraction, it was used throughout. 

The activity of a-ketoglutarate dehydrogenase was monitored exactly as 

was the pyruvate dehydrogenase, except that 2.5 mM a-ketoglutarate was 

substituted for the pyruvate in the assay medium. 

The pyruvate dehydrogenase multienzyme complex was extracted 

from intact beef heart mitochondria in order to examine the ratio of 

active to inactive enzyme after various treatments. The mitochondria 

(8 mg) were added to 20 ml of the basic assay buffer described above 

containing the additions indicated. This solution was shaken at 24°C 

for 10 minutes. Immediately, 2.5 ml of ice cold 0.1 M EDTA was added 

and the solution was centrifuged at 27,000 x g for 10 seconds in a re

frigerated RC2-B centrifuge at 3°C. This supernatant was disgarded and 

the pellet was resuspended in 20 ml of the basic assay buffer described 

above with the indicated additions. This solution was shaken at 24°C 

for 15 minutes and 2.5 ml of ice cold 0.1 M EDTA was added, and the so

lution centrifuged as described before. This final pellet was resus

pended in 10 ml of an ice cold hypotonic buffer containing the following 

sucrose, 30 mM; thiamine pyrophosphate, 0.04 mM; systeine, 0.26 mM; 

EDTA, 10 mM; and Tris-chloride, 2 mM, pH 6.7. To this suspension 0.5 ml 

of 1% Lubrol was added, and it was placed in an ice bath and sonicated 

three times for 20 seconds each at 4 amps with a Branson Sonifier. This 

solution was then centrifuged for 20 minutes at 48,000 x g at -20°C in 

an RC2-B centrifuge. The supernatant from this centrifugation contained 

nearly all the assayable pyruvate dehydrogenase activity, and was centri 

fuged for 2 hours at 62,500 rpm in the Ti65 head of Beckman L2-65B cen

trifuge with the rotor temperature being 3°C. Since nearly all the 
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extractable pyruvate dehydrogenase activity was precipitable by this 

procedure, the pellet was resuspended in 0.3 ml of the hypotonic buffer 

described above, and layered on 5 ml, 10-30% continuous sucrose gradi

ents that had been prepared in the hypotonic buffer. These gradients 

were centrifuged In the SW 65 rotor in the Beckman L2-65B ultracen-

trifuge for 2 hours at 39,000 rpm at 3°C. As shown previously by Reed 

and his co-workers (12) this procedure provides a good separation of 

the pyruvate dehydrogenase complex. Fractions (0.28 ml) were collected 

using a Buchler fraction collector, and 0.1 ml aliquots of these frac

tions were assayed using the spectrophotometry assay described above. 

32 In several experiments y- P-ATP was added to the incubations 

prior to extraction to determine the extent of phosphorylation of the 

pyruvate dehydrogenase complex. In these cases 3.8 nmoles of y-̂ P̂-ATP 

(New England Nuclear, 20.4 Ci/nmole) was added to the 20 ml of incubar-

tion buffer described and the extraction procedure was followed as for 

the non-radioactive experiments. When the fractions of the 10-30% su

crose density gradient were collected, the fractions containing the en

zymatic activity were pooled. This pooled solution containing the 

labeled phospho- or dephospho-enzyme fraction (total volume, 1.1 ml) 

was diluted to 10 ml with the hypotonic buffer described above, and cen

trifuged for 4 hours at 64,000 rpm in the Ti65 head of the Beckman L2-

65B ultracentrifuge at 3°C. The resulting pellet was resuspended in 

0.3 ml of a solution containing 20% sucrose, 5% sodium dodecyl sulfate 

and 1% mercaptoethanol. After heating the solutions for 30 minutes at 

60°C, 0.025 ml of each sample was layered on SDS acrylamide gels. Elec

trophoresis was run for 11 hours (120). The gels were cut into 2 mm 



slices, heated to 60°C overnlte with 0.5 ml of Protosol (New England 

Nuclear, Boston, Mass.), and then counted in 10 ml of Omnifluor (New 

England Nuclear, Boston, Mass.) using standard scintillation counting 

techniques. Parallel gels were run with crystalline standards treated 

exactly as the experimental samples. The gels containing the experi

mental solutions were run in duplicate, with one of the experimental 

pairs being stained with coomassie blue (121) and the other being cut 

and treated as described above for counting. The standards were also 

run in duplicate, and both were stained with coomassie blue. 

32 
The experiment reported using the y- P-ATP was repeated twice 

with essentially identical results. When these experiments were atT 

tempted using sufficient unlabeled ATP to cause measurable inhibition 

of pyruvate dehydrogenase activity, an insignificant number of counts 

above background was seen on the gel slices to justify the use of such 

a procedure. It should be noted that in no case was there enough pro

tein on the experimental gels to be seen with the coomassie blue. 

All substrates and reagents were of the highest quality availa

ble and were purchased from common suppliers. 



CHAPTER 3 

RESULTS 

The Regulation of Pyruvate Oxidation 
In Rabbit Heart Mitochondria 

The protein kinase capable of phosphorylating and inactivating 

purified pyruvate dehydrogenase requires ATP and magnesium for its ac

tivity (4). For this reason, the rate of pyruvate oxidation in isola

ted mitochondria should be sensitive to alterations of the intramito-

chondrial concentrations of both ATP and magnesium. An apparent contra

diction of this concept that the intramitochondrial ATP level alone may 

regulate the rate of pyruvate oxidation in isolated mitochondria de

rives from the fact that at least two metabolic conditions which vary 

markedly in their energetic state are compatible with maximal rates of 

pyruvate oxidation. As shown in Figure 1, Curve A, uncoupled rabbit 

heart mitochondria which had a very low intramitochondrial ATP level 

and virtually no extramitochondrial ATP oxidized pyruvate in the pres

ence of L-malate at a rapid, linear rate (230 nmoles oxygen/min/mg pro

tein). Also shown in Figure 1, Curve B, coupled mitochondria in the 

presence of ADP, glucose and hexokinase, which had a relatively high 

ATP level, oxidized pyruvate in the presence of L-malate at a nearly 

identical rate (224 nmoles oxygen/min/mg protein). As can be seen in 

Figure 2, the ATP level of the mitochondria incubated in the presence 

of ADP plus glucose-hexokinase increased during the experiment to about 

43 
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RHMc RHMc 
Hexokinase 

plus glucose 
FCCP 

Oxygen Rate 
230 mp moles 
/min./mg protein 

Oxygen Rate 
224 mp moles 
/min./mg protein 

24pM Oxygen Sybstrates: 
pyruvate plus 

L-Malate 

Minute 

- — 0 = 0  —  

Figure 1. A comparison of the rates of pyruvate oxidation in uncoupled 
and coupled rabbit heart mitochondria. 

The reaction medium contained potassium chloride (0.18 M)' and potassium 
phosphate (2 mM), pH 7.2. The substrates, pyruvate and L-malate, were 
added to a final concentration of 1.0 mM. The uncoupler, FCCP, (1.0 
yM) was added as indicated in Trace A. ADP (2.5 mM), glucose (10 mM) 
and hexokinase (0.2 mg/ml) were added as indicated to Trace B. The 
mitochondrial protein concentration was 0.4 mg protein/ml. 

I 
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Figure 2. A comparison of the ATP content of uncoupled and coupled 
rabbit heart mitochondria oxidizing pyruvate plus L-malate. 

Reaction conditions were stated in the legend for Figure 1. 
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2.5 jjmoles ATP/mg protein while the ATP level of the uncoupled mito

chondria was constant and approximately 3 nmoles ATP/mg protein, nearly 

three orders of magnitude lower than observed in the coupled mitochon

dria. 

This experiment implies that the ATP level of the isolated 

heart mitochondria per se was not a primary regulatory factor influenc

ing the rate of pyruvate oxidation. An investigation of the effect of 

adding ADP to uncoupled mitochondria indicated that pyruvate oxidation 

was drastically inhibited in the presence of between 3 and 5 mM ADP. 

Upon initiation of respiration with ADP plus FCCP, the rate of oxygen 

consumption using pyruvate plus L-malate as substrates was linear and 

rapid (232 nmoles oxygen/min/mg protein) for approximately one minute, 

after which an abrupt and nearly complete inhibition of pyruvate oxi

dation was observed (Figure 3, Curve C). When ADP (5 mM) (Figure 3, 

Curve B) or FCCP (1.0 yM) (Figure 3, Curve A), were used separately to 

initiate respiration nearly equivalent, rapid, linear rates of oxygen 

consumption were observed and an inhibition of pyruvate oxidation was 

not observed. That the inhibitory effect of ADP plus uncoupler on py

ruvate oxidation was not due solely to an effect of ATP on the pyruvate 

oxidase system is shown in Figure 4. As was the case in the experiment 

described in Figures 1 and 2, the coupled mitochondria with a high ATP 

level and the uncoupled mitochondria with a very low intramitochondrial 

ATP level exhibited rapid and nearly equivalent rates of pyruvate oxi

dation. On the other hand, in the incubation to which ADP was added to 

uncoupled mitochondria the rate of pyruvate oxidation was nearly 
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Figure 3. A comparison of the effects of either uncoupler (FCCP), ADP 
or ADP plus FCCP on pyruvate oxidation in rabbit heart mito
chondria. 

The components of the individual reactions were added at the same con
centrations as described in the legend of Figure 1, with the exception 
that the final ADP concentration was 5 mM. Glucose and hexokinase 
were not included in the experiment to which ADP was added to stimulate 
respiration. 
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Figure 4. A comparison of the effect of uncoupler (FCCP), ADP, or ADP 
plus FCCP on the ATP content of rabbit heart mitochondria 
oxidizing pyruvate plus L-malate. 

Reaction conditions were described in the legends of Figures 1 and 3. 
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completely inhibited. Although it may not be apparent from the ordinate 

scale of Figure 4, the ATP level during this incubation increased from 

approximately 100 nmoles ATP/mg protein to 230 nmoles ATP/mg protein 

which was between 30 and 70 times the ATP level of the uncoupled mito

chondria, during the establishment of the inhibition of pyruvate oxi

dation. 

The correlation between the degree of inhibition of pyruvate 

oxidation and the ATP content of the mitochondrial incubation is illus

trated in the data shown in Figure 5. As the amount of ADP added to 

the uncoupled mitochondria was increased from 0 to 6 mM ADP, the amount 

of ATP which accumulated during the reaction period increased and corre

sponded to the extent of the inhibition of pyruvate oxidation 

The data presented in Figure 6 illustrate the effect of various 

adenine nucleotides on the rate of oxidation of pyruvate in siolated 

rabbit heart mitochondria. Rapid, linear rates of pyruvate oxidation 

were observed in uncoupled mitochondria (Figure 6, Curve A) or in 

coupled mitochondria (see Figure 3). As can be seen in Figure 6, Curve 

B, the inclusion of ADP (4 mM) in the mitochondrial incubation in the 

presence of uncoupler caused a strong Inhibition of pyruvate oxidation. 

The oxygen electrode trace designated B-ATP in Figure 6 indicated that 

the addition of ATP (4 mM) to the uncoupled mitochondria did not affect 

the rate of pyruvate oxidation. Apparently, added ATP was not accessi

ble to the site of Inhibition of the pyruvate dehydrogenase complex in 

this mitochondrial system. Addition of AMP (4 mM) (Curve B-AMP) caused 

only a slight inhibition of the rate of pyruvate oxidation. It was an

ticipated that an inhibition of pyruvate oxidation would not occur as 
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Figure 5. The effect of varying amounts of ADP on the oxidation of 
pyruvate plus L-malate, and on the change in the ATP content 
of the mitochondrial incubation during the experiment. 

The reaction conditions were the same as those described in the legend 
for Figure 1, with the exception that the ADP concentration was varied 
as noted in the Figure. Samples were taken as indicated (Ŝ  and Ŝ ) 
for ATP measurement. 
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Figure 6. The effect of various adenine nucleotides on the rate of 
pyruvate oxidation in uncoupled isolated rabbit heart mito
chondria. 

The incubation medium contained KC1, 0.18 M; K-HPO., 2 mM; pH 7.2. 
The mitochondrial protein concentration was 0.52 mg/ml. Uncoupler 
(FCCP) was added to a final concentration of 1 jjM and the concentra
tions of the substrates, pyruvate plus L-malate, were 1 mM. The ade
nine nucleotides were added as indicated to a final concentration of 4 
mM. The rates of oxygen consumption with each of the indicated condi
tions was (in nmoles oxygen/min/mg protein): FCCP alone, 235; FCCP 
plus AMP, 205; FCCP plus ADP, 130; FCCP plus ATP, 245. 



the presence of AMP in the uncoupled mitochondria should have prevented 

the generation of sufficient ATP to cause the inhibitory effect. Even 

if a small amount of ATP was produced via the succinate thiokinase 

step of the citric acid cycle and the nucleoside diphosphokinase reac

tion, the presence of AMP and the adenylate kinase reaction should 

have converted the ATP plus AMP to two molecules of ADP. Hence, the 

experiments shown in Figure 6 indicate that ADP was the only adenine 

nucleotide effective in causing an inhibition of pyruvate oxidation In 

uncoupled rabbit heart mitochondria. In another experiment (not shown) 

it was observed that addition of up to 10 mM ATP caused only slight in

hibition of pyruvate oxidation in uncoupled mitochondria. Apparently 

ATP produced in the adenylate kinase reaction in uncoupled mitochondria 

was more effective for the inhibitory effect on pyruvate oxidation than 

exogenously added ATP. 

That ADP was not the inhibitory species was inferred from the 

data shown in Figures 3 and 4 which indicated that the addition of ADP 

to pyruvate oxidizing mitochondria resulted in little or no inhibition 

of the respiratory rate. Figure 7 indicates that the inhibition of py

ruvate oxidation could be largely prevented by including atractyloside 

in the incubation (Curve C). This experiment indicates that the ATP 

formed presumably in the intermembrane space from ADP in the adenylate 

kinase reaction (122) was not available to cause the inhibition of py

ruvate oxidation in the presence of atractyloside. This implies that 

the point of inhibition of pyruvate oxidation was within the atractylo

side barrier which seems reasonable due to the fact that the acknowledged 
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Figure 7. The effect of atractyloside on the oxidation of pyruvate and 
L-malate by rabbit heart mitochondria in the presence of 
both FCCP and ADP. 

Atractyloside was added as indicated to a final concentration of 40 pg/ 
ml. The reaction conditions were described in Figure 3. 
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locus of the pyruvate dehydrogenase complex is on the inner mitochondri

al membrane (122). This further defines the site of the control of py

ruvate oxidation as most likely being within the mitochondrial matrix. 

It is possible that the inhibition of pyruvate oxidation caused 

by incubation of the cardiac mitochondria with ADP and FCCP was due to 

the mobilization or release of intramitochondrial magnesium. The "re

leased" magnesium would be available to form an ATP-magnesium chelate 

with ATP formed from two molecules of ADP in the adenylate kinase re

action. This ATP-magnesium complex is the substrate for the protein 

kinase reaction capable of regulating the activity of pyruvate dehydro

genase. That this is a reasonable suggestion may be supported by the 

observations of Km and his colleagues (64, 65) and of Bogucka and 

Wojtczak (63) who demonstrated that incubation of isolated rat liver 

mitochondria with uncouplers and ADP effected a release of intramito

chondrial magnesium. In the experiments reported by Bogucka and 

Wojtczak (63) magnesium was released from the matrix and intermembrane 

compartments during incubation of rat liver mitochondria with uncoupler 

and ADP. That the mobilization or release of intramitochondrial magne

sium was occurring in the present experiments using cardiac mitochon

dria is illustrated in Table 1. As may be seen in Table 1, both the 

addition of FCCP and FCCP plus ADP effected a release of magnesium from 

the mitochondrial pellet and an appearance of this magnesium in the su

pernatant after four minutes of incubation. This relationship may be 

illustrated by the difference in the ratio of the magnesium content of 

the pellet to that of the supernatant. This ratio decreased from a 
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Table 1. The effect of uncoupler and uncoupler plus ADP on the release 
of intramitochondrial magnesium in isolated rabbit heart mi
tochondria. — Reaction conditions were described in the leg
end for Figure 3 and in the Materials and Methods. 

Time 
(Minutes) 

4 

4 

4 

Addition 

None 

+FCCP(0.8 yM) 

+ADP(4 mM) 
+FCCP(0.8 yM) 

Magnesium Content 
Supernatant Pellet 
(nmoles/mg protein) 

22.2 25.5 

27.5 19.1 

32.3 19.3 

Ratio 
Pellet/Supernatant 

1.15 

0.70 

0.60 



value of 1.15 to a value of 0.7 in the experiment to which uncoupler 

was added and a ratio of 0.6 obtained in the experiment containing un

coupler plus ADP. It was observed that the rate of pyruvate oxidation 

was not inhibited in the incubation to which uncoupler alone was added 

presumably because there was a very low ATP level>i.e., between 2 and 

3 nmoles ATP/mg protein even though sufficient magnesium was released 

by the action of the uncoupler. The ATP content of the experiment with 

uncoupler plus ADP was on the order of 200 to 300 nmoles ATP/mg pro

tein resulting in the inhibition of pyruvate oxidation. Hence, in un

coupled mitochondria in the absence of exogenous ADP, it is postulated 

that the ATP component of the protein kinase reaction was not present 

to effect an inhibition of pyruvate dehydrogenase. 

Figure 8 demonstrates that as the time of preincubation with 

ADP and FCCP was increased from 0 to 4 minutes prior to the addition of 

the substrate couple, pyruvate plus L-malate, the extent of the inhibi

tion of pyruvate oxidation was markedly increased. Because of the in

adequacy of rapid sampling and. separation techniques, the kinetics of 

magnesium release during this period was not determined. Preincuba

tion of mitochondria with uncoupler alone prior to substrate addition 

resulted in no inhibition of pyruvate oxidation presumably due to the 

virtual absence of sufficient ATP to cause the inhibitory effect. 

That magnesium was an essential component of the inhibition of 

pyruvate oxidation in this isolated mitochondrial system may be noted in 

the data shown in Figure 9. The addition of exogenous magnesium to un

coupled mitochondria supplemented with ADP considerably enhanced the in

hibition of pyruvate oxidation. In other experiments (not shown) the 
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Figure 8. The effect of varying the time of pre-incubation with both 
FCCP and ADP on the oxidation of pyruvate plus L-malate by 
rabbit heart mitochondria. 

The reaction mixture described in the legend for Figure 1 was used and 
ADP (5 mM) and FCCP (1 pM) were included as noted in the figure. The 
oxidation was initiated at the times indicated by the simultaneous ad
dition of the substrate. 
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Figure 9. The effect of added magnesium on the rate of oxidation of 
pyruvate plus L-malate in the presence of both FCCP and ADP. 

Reaction conditions were the same as those described in the legend of 
Figure 3. Magnesium chloride was added to the incubation medium at 
the concentrations noted in the figure. 



addition of exogenous magnesium at the same concentrations shown in Fig

ure 9 to mitochondria incubated with either FCCP or ADP did not produce 

an inhibition of pyruvate oxidation. These observations were not unex

pected in the case of the uncoupler plus magnesium addition, but the 

addition of magnesium in the presence of ADP, and, as a result, signif

icant concentrations of ATP, might have been expected to produce an in

hibition of pyruvate dehydrogenase as both components of the protein 

kinase system would have been present. 

Of crucial importance in the consideration of this proposed reg

ulation of pyruvate dehydrogenase in isolated heart mitochondria is the 

substrate specificity of this effect. It has been shown that under con

ditions which mobilize or release intramitochondrial magnesium and which 

also contain a high concentration of ATP, pyruvate oxidation was markedly 

inhibided after a brief lag phase (Figures 3 and 4). As shown in Figure 

10, when two other substrate systems which have a reasonably high affini

ty for heart mitochondria were employed, i.e., L(-)palmitylcarnitine or 

a-ketoglutarate, there was no apparent inhibition of the oxidation of 

these substrates. The rate of oxidation of either of these substrates 

was identical in the mitochondrial incubation with either uncoupler or 

uncoupler plus ADP. In the series of experiments shown in Figure 10, 

the rates of oxidation of pyruvate, L(-)palmitylcarnitine and a-keto-

glutarate in uncoupled mitochondria in the presence of L-malate were 209, 

47, and 75 nmoles oxygen/min/mg protein, respectively. When ADP was in

cluded in the incubation in the presence of the uncoupler, pyruvate oxi

dation was significantly inhibited (see Figure 3) while the rate of 

oxidation of either L(-)palmitylcarnitine or a-ketoglutarate was the 
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Figure 10. A comparison of the rates of oxidation of L(-)palmitylcar-
nitine and a-ketoglutarate in rabbit heart mitochondria 
treated with FCCP or FCCP plus ADP. 

The reaction conditions, were the same as those described in the legend 
for Figure 3 except that the substrates were L(-)palmitylcarnitine (40 
yM) plus L-malate (1.0 mM) and a-ketoglutarate (1.0 mM) plus L-malate 
(1.0 mM) as noted in the Figure. The mitochondrial protein concentra
tion for experiments A and B was 0.52 mg/ml and for experiments C and 
D was 0.42 mg/ml. 



same as was obtained in the absence of ADP. Furthermore, the addition 

of either L(-)palmitylcarnitine or a-ketoglutarate following the estab

lishment of nearly complete inhibition of pyruvate oxidation resulted 

in an tininhibited rate of oxidation of either of these additional sub

strates. These observations suggest that the inhibition of pyruvate 

oxidation under metabolic conditions leading to a mobilization of intra-

mitochondrial magnesium and high ATP content was specific for the py

ruvate oxidase system. 

At this point it was considered essential to demonstrate that 

the observed inhibition of pyruvate oxidation in uncoupled, ADP supple

mented mitochondria was not due to the accumulation of either inhibitory 

product of the pyruvate dehydrogenase reaction, i.e., NADH or acetyl-CoA. 

Figure 11 demonstrates that the acetyl-CoA level decreased from approxi

mately 1.3 to about 0.3 nmoles acetyl-CoA/mg of .protein when either 

FCCP or FCCP plus ADP were added to mitochondria which were oxidizing 

pyruvate plus L-malate. The nearly identical, low acetyl-CoA levels in 

the inhibited and uninhibited incubations suggest that acetyl-CoA was 

not causing an inhibition of the pyruvate dehydrogenase reaction. 

In a similar fashion, the experiments shown in Figure 12 indi

cate that NADH accumulation did not occur in the experiment to which 

FCCP plus ADP were added to inhibit pyruvate oxidation. Curves A and B 

of Figure 12 indicate that the addition of either FCCP or ADP caused an 

expected oxidation of intramitochondrial pyridine nucleotides as meas

ured by the absorption of the suspension using the wavelength pair 340-

374 nm. Under these conditions rapid, linear rates of pyruvate oxida

tion were obtained. Upon exhaustion of the oxygen in the cuvette, the 
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Figure 11. A comparison of the effect of either FCCP or FCCP plus ADP 
on the acetyl-CoA content of rabbit heart mitochondria 
oxidizing pyruvate plus L-malate. 

Reaction conditions were the same as those described in the legend for 
Figure 3. 
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Figure 12. A comparison of the effect of FCCP, ADP or ADP plus FCCP 
on the absorption of intramitochondrial reduced pyridine 
nucleotides in rabbit heart mitochondria oxidizing pyru
vate plus L-malate. 

Reaction conditions were the same as those described in the legend for 
Figure 3. Absorption measurements were made as described in the 
Materials and Methods. 
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intramitochondrial pyridine nucleotides became reduced and, of course, 

pyruvate oxidation ceased. In the experiment illustrated in Curve C of 

Figure 12 to which both FCCP and ADP were added, the pyridine nucleo

tides became oxidized and remained in that state during the duration of 

the experiment. In this Incubation pyruvate oxidation was completely 

inhibited. 

The above data is consistent with a mechanism whereby the magne

sium serving with the ATP to inactivate the pyruvate dehydrogenase in 

this system was released or "mobilized" from bound magnesium in the mito

chondrion by the combined action of the uncoupler and the added ADP by 

an, as yet, unknown mechanism (63-65). The following experiments were 

designed to demonstrate that the inactivation of the pyruvate dehydroge

nase complex can be prevented by including compounds in the incubation 

medium which chelate intramitochondrial magnesium, released by uncoupler 

plus ADP addition in this system. It is proposed that the pyruvate dehy

drogenase kinase is inactive in the absence of available magnesium even 

though sufficient ATP may be present. Chelator compounds were chosen for 

use in these studies both with regard to their stability constants for 

magnesium as well as for their possible physiological significance for 

regulating the ratio of free/bound magnesium in the mitochondrion. 

Figure 13, Trace A, illustrates the inhibitory effect of ADP ad

dition to uncoupled mitochondria on pyruvate oxidation. Trace B demon

strates that the inclusion of the amino acid, L-asparagine, (1 mM) in the 

mitochondrial incubation medium prior to the initiation of respiration 

with ADP and uncoupler, caused a complete prevention of the inhibition of 

pyruvate oxidation. That this effect of L-asparagine was indeed due to 
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Figure 13. The effect of L-asparagine and L-asparagine plus magnesium 
on the oxidation of pyruvate by isolated rabbit heart mito
chondria. 

Reaction conditions were identical to those described in the legend of 
Figure 6. 



its chelation of intramitochondrial magnesium was surmised from the fact 

that the inhibitory effect on pyruvate oxidation could be re-established 

by the addition of magnesium (10 mM) to the incubation (Figure 13, Curve 

C). L-asparagine has a stability constant for magnesium of 1 x 10̂  and 

seems to be freely permeable to the mitochondrial membrane. L-aspara

gine addition did not affect the rate of pyruvate oxidation in either 

coupled or uncoupled mitochondria (not shown). In addition, L-aspara-

gine was not oxidized as a substrate when incubated with L-malate in 

this mitochondrial experiment. In this regard, Figure 14 demonstrates 

14 
that when L-asparagine (U) C was incubated with ADP supplemented un

coupled mitochondria oxidizing pyruvate plus L-malate, label was not 

incorporated into the intermediates of the citric acid cycle. The only 

metabolite which was apparently formed in this incubation was a small 

amount of aspartate. The addition of L-asparagine to ADP supplemented 

uncoupled mitochondria oxidizing pyruvate plus L-malate did not cause 

an alteration of the acetyl-CoA level. The acetyl-CoA level of the 

L-asparagine treated mitochondria was about 0.25 nmoles acetyl CoA/mg 

protein, was maintained at a constant level during the experiment and 

was identical to both the experiment in which pyruvate oxidation was in

hibited (ADP plus FCCP) and the uninhibited, FCCP control experiment. 

This experiment indicated that the prevention of the inhibition of pyru

vate oxidation probably did not involve alterations of the level of 

acetyl CoA which is a known inhibitor of the pyruvate dehydrogenase 

reaction. 

As shown in Table 2, nearly equivalent, rapid rates of pyruvate 

oxidation (218 compared to 196 nmoles oxygen/min/mg protein) obtained in 
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Figure 14. Anion exchange chromatography of a mitochondrial extract 
after pyruvate oxidation in the presence of C-asparagine. 

A neutralized perchloric acid extract of the reaction mixture described 
in Figure 13, Curve B with the addition of -̂ C-asparagine (20 ul of a 
100 yCi/ml solution of L-asparagine (U)- C). A sample was taken after 
three minutes of linear respiration and the perchloric acid extract was 
chromatographed according to the procedure of Von Korff (112). The 
chromatographic results of this experiment ( ) are compared to the 
elution patterns of various -̂ C-labelled citric acid cycle intermedi
ates and amino acids ( ). 



Table 2. Relationship between the rate of pyruvate oxidation and the ATP level of iso
lated rabbit heart mitochondria. — Rate of oxygen consumption and the ATP 
level were determined after 3 minutes of incubation under the conditions noted 
in the table and the legend for Figure 3. 

Experiment Addition Concentration 
Rate of Oxygen 
Consumption ATP Level 

(nmoles 02/min/ 
mg Protein) 

(nmoles ATP/ 
,mg Protein) 

1 FCCP 1 yM 218 2.6 

2 ADP 5 mM 196 2500 • 

3 FCCP 
ADP 

1 yM 
5 mM 

0 200 

4 FCCP 
ADP 
L-Asparagine 

1 yM 
5 mM 
1 mM 

191 230 

5 FCCP 
ADP 
L-Asparagine 
MgCl2 

1 yM 
5 mM 
1 mM 
10 mM 

20 1090 



mitochondria incubated in the presence of a low ATP level, i.e., under 

uncoupled conditions (2.65 nmoles ATP/mg protein), and in the presence 

of a high ATP level, i.e., under coupled conditions (2500 nmoles ATP/mg 

protein). Addition of the uncoupler, FCCP, and ADP resulted in a com

plete inhibition of pyruvate oxidation at an ATP level 100 times greater 

than that of the uncoupled mitochondria in the absence of ADP. Addi

tion of L-asparagine prevented the inhibition of pyruvate oxidation un

der these conditions and resulted in an ATP level of 230 nmoles ATP/mg 

protein. The addition of magnesium to the L-asparagine treated mito

chondria reestablished the inhibition of pyruvate oxidation and also 

resulted in an ATP level of 1090 nmoles ATP/mg protein. The point of 

this experiment is that the rate of pyruvate oxidation can not be cor

related solely with the ATP level of the mitochondrial incubation. 

Figure 15 demonstrates the effect of ADP and uncoupler (FCCP) 

addition to rabbit heart mitochondria oxidizing pyruvate plus L-malate 

on the oxidation-reduction state of the intramitochondrial pyridine nu

cleotides as measured by the absorbance of the mitochondrial suspension 

using the wavelength pair 340-374 nm. ADP plus uncoupler caused an 

initial rapid oxidation followed by a slower oxidation of pyridine nu

cleotides (Figure 15, Trace A). Addition of magnesium chloride (10 mM) 

to the mitochondrial incubation which accentuates the inhibition of py

ruvate oxidation under these conditions caused a similar two phase oxi

dation of intramitochondrial pyridine nucleotides (Figure 15, Trace B). 

Pyruvate oxidation in both Traces A and B was nearly completely inhibi

ted and, hence, the mitochondrial suspension did not become anaerobic 

with even prolonged incubation. Trace C indicates that addition of ADP 
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Figure 15. A comparison of the effect of magnesium and L-asparagine 
on the absorbance at 340 nm of mitochondrial suspension 
oxidizing pyruvate plus L-malate in the presence of un-
coupler plus ADP. 

Reaction conditions are identical to those described in the legend of 
Figure 6. Pyridine nucleotide absorbance measurements were made as 
described in the Materials and Methods. 



and FCCP to mitochondria containing L-asparagine (10 mM) caused a less 

extensive oxidation of pyridine nucleotides and anaerobiosls occurred 

within three minutes following the initiation of respiration with ADP 

plus FCCP. Under the conditions of this experiment pyruvate oxida

tion was not inhibited yet the oxidation reduction state of the intra-

mitochondrial pyridine nucleotides was considerably more reduced than 

the experiments in which pyruvate oxidation was completely inhibited 

(see Traces A and B). This experiment implies that NADH accumulation 

was not involved in the inhibition of the pyruvate oxidase system in 

these mitochondrial experiments. 

The experiment shown in Figure 16 illustrates the concentration 

dependence of the effect of L-asparagine on the rate of pyruvate oxida

tion in cardiac mitochondria. Without the addition of L-asparagine 

the rate of pyruvate oxidation in ADP supplemented uncoupled mitochon

dria was strongly inhibited. Progressively increasing the L-asparagine 

concentration from 0 to 5 or 10 mM caused a nearly complete prevention 

of the inhibition of pyruvate oxidation. It is proposed that as the 

concentration of chelator was increased, the level of magnesium avail

able for use in this system decreased and the ATP-magnesium complex, the 

substrate for the pyruvate dehydrogenase kinase, was presumed to be lim

iting. 

Figure 17 shows a series of experiments designed to compare the 

effects of L-asparagine, which is a reasonably good chelator of magnesi-

4 
um (stability constant, 1 x 10 ) to a naturally occurring structural 

analog of L-asparagine, L-aspartate, which is not as good a chelator of 

2 
magnesium (stability constant, 6 x 10 ). In the absence of the chelator 
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Figure 16. A comparison of the rates of pyruvate oxidation of rabbit 
heart mitochondria in the presence of both ADP and un-
coupler (FCCP) with varying concentrations of L-asparagine. 

The reaction conditions were as described in the legend to Figure 6. 
The maximum rate of oxidation (in the presence of 5 mM L-asparagine) 
was 220 nmoles oxygen/min/mg protein. 
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Figure 17. A comparison of the effects of L-asparagine, L-aspartate, 
and magnesium on the rate of pyruvate oxidation by rabbit 
heart mitochondria in the presence of both ADP and FCCP. 

The reaction conditions were identical to those described in the legend 
to Figure 6 except that the mitochondrial protein concentration was 0.4 
mg/ml. The maximum rate of oxygen consumption (in the presence .of no 
Mg"̂ , and 1 mM asparagine) was 241 nmoles oxygen/min/mg protein. 
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the rate of pyruvate oxidation in ADP supplemented, uncoupled mitochon

dria was strongly inhibited. The addition of magnesium chloride (10 mM) 

accentuated the inhibition of pyruvate oxidation (see Figure 9). The 

addition of L-aspartate (1 mM) caused a partial release of the inhibi

tion of pyruvate oxidation. Addition of magnesium chloride (10 mM) in 

the presence of the added L-aspartate re-established a rather strong 

inhibition of pyruvate oxidation. Addition of L-asparagine (1 mM) to 

the inhibited system caused a nearly complete prevention of the inhi

bition of pyruvate oxidation while the inclusion of magnesium chloride 

(10 mM) in the presence of L-asparagine resulted in an oxygen trace 

nearly equivalent to the reaction to which L-aspartate alone was added. 

Neither L-aspartate nor L-asparagine were metabolized under the condi

tions of these experiments. 

To further establish that the release or prevention of the in

hibition of pyruvate oxidation in this system was mediated by the che

lation of intramitochondrial magnesium, other magnesium chelators and 

their structural analogs were employed. The oxygen electrode tracings 

illustrated in Figure 18 demonstrate that addition of well established 

magnesium chelators such as o-phenanthroline (Trace A) and a,a-dipyridyl 

(Trace C) to the inhibitory system caused a complete prevention of the 

inhibition of pyruvate oxidation. The inclusion of non-chelating iso

mers of these two compounds, m-phenanthroline (Trace B) and y,y-dipy-

ridyl (Trace D) caused little change in the inhibition of pyruvate 

oxidation in the ADP supplemented uncoupled mitochondria. 
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Figure 18. A comparison of the effects of known magnesium chelators 
and their structural analogs on the rate of pyruvate oxi
dation by rabbit heart mitochondria in the presence of 
both ADP and FCCP. 

The compounds were added to a final concentration of 1 mM to a reaction 
mixture that was the same as that described in the legend to Figure 6. 
The maximum rates of oxygen consumption were 236 and 224 nmoles oxygen/ 
min/mg protein for Curves A and C, respectively. 
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That the chelation of magnesium and not calcium was of primary 

importance in the reversal or prevention of the inhibition of pyruvate 

oxidation may be seen in the experiment described in Figure 19. In 

this experiment, the inhibition of pyruvate oxidation by ADP and FCCP 

(Trace B) was prevented by the magnesium chelator a,a-dipyridyl (Trace 

A). On the other hand, the inhibitory situation was unaffected by the 

inclusion of murexide, a specific calcium chelator, at the same concen

tration as a,a-dipyridyl in the incubation mixture. 

Figure 20 shows the effects of a series of compounds of differ

ing stability constants for magnesium on the prevention of the inhibition 

of pyruvate oxidation in ADP supplemented uncoupled mitochondria. It is 

apparent that at equimolar concentrations of the magnesium chelator, the 

greater the binding constant for magnesium, the faster the rate of pyru

vate oxidation or, if you will, the less the inhibitory effect of the 

ATP-magnesium complex on the pyruvate oxidase system. The deviations 

from a straight line relationship may be related to permeability re

strictions of the various compounds employed in this intact mitochondri

al system. Also, the fact that EDTA and pyrophosphate fall below the 

straight line indicates that the pyruvate oxidase system may be operating 

at maximal velocity when the rate reached 250 to 280 nmoles oxygen/min/ 

mg protein. It may be appropriate to note the possible physiological 

significance of some of the common substrates used in this experiment 

which may affect the bound/free magnesium ratio in various cellular com

partments by virtue of their ability to chelate and, thus, compete for 

free magnesium which may regulate enzymatic functions such as the pyru

vate oxidase complex. 
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Figure 19. A comparison of the effect of a magnesium chelator and a 
calcium chelator on the rate of pyruvate oxidation of rab
bit heart mitochondria in the presence of both ADP and 
FCCP. 

The reaction conditions were the same as those described in the legend 
of Figure 6. The rate of oxygen consumption of Curve A was 224 nmoles 
oxygen/min/mg protein. 

i 
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Figure 20. The relationship between the rate of pyruvate oxidation of 
rabbit heart mitochondria in the presence of both ADP and 
FCCP with the stability constants of various compounds for 
magnesium. 

Reaction conditions were the same as those described in the legend to 
Figure 6. The compounds noted were added to a final concentration of 
4 mM. The oxygen consumption rate reported was that observed after 
respiration had proceeded for 2.5 minutes. 



79 

It should be noted at this point that the magnesium chelators 

which prevent the inhibition of pyruvate oxidation were without effect 

when they were added following the establishment of the inhibitory con

dition. This observation implies, but certainly does not prove that 

the combined effects of intramitochondrial ATP and magnesium can not be 

reversed simply by adding chelator compounds which may compete with ATP 

for free magnesium. This observation is compatible with a phosphoryla

tion mechanism for the regulation of the pyruvate oxidase in this mito

chondrial system. 

Divalent Metal Ion Movements in 
Beef Heart Mitochondrial Systems 

Magnesium Movement in Submitochondrial Particles 

The objective of the present section was to elucidate factors 

affecting the binding or transport of magnesium in mitochondrial systems. 

An attempt was made to minimize possible compartmentation complexities in 

this study by utilizing submitochondrial particles isolated from beef 

heart to characterize the interaction of magnesium with mitochondrial mem

branes. Beef heart submitochondrial particles offer the advantage of 

being easily obtained, may be stored frozen for reasonable periods of time 

and may be altered or tailored for individual experiments by some changes 

in the method of preparation. In order to visualize interactions between 

magnesium and the submitochondrial membranes the fluorescent chelate-

probe, chlorotetracycline, was employed. Caswell has demonstrated that 

the interaction of magnesium with chlorotetracycline in a lipophilic en

vironment, such as might be found within membranes, leads to the formation 



of a highly fluorescent complex (102, 103). In fact, it has been shown 

that chlorotetracycline can be effectively utilized to visualize diva

lent ion movements in intact liver mitochondria (105) and in sarcoplas

mic reticulum (104). 

The initial experiments in the present study were designed to 

elucidate the relationship between the energy state of the mitochondri

al membrane and the binding or transport of the divalent metal ion mag

nesium. Using beef heart submitochondrial particles prepared in the 

++ 
presence of magnesium, ETP̂ -Mg , Figure 21, panel A shows that the ad

dition of an oxidizable substrate such as succinate (2.5 mM) caused a 

marked decrease in fluorescence measured using the wavelength pair 410-v 

560 nm. It is proposed that upon energization the decrease in the 

fluorescence of the chlorotetracycline-treated submitochondrial par

ticles represents either a decrease in the interaction of magnesium with 

the chelate probe or an actual release of the magnesium-chlorotetra-

cycline complex from the lipophilic environment of the membrane. Fur

ther information pursuant to this latter possibility will be presented 

later. In fact, it will be shown by direct measurement that energiza

tion of the submitochondrial particles causes a substantial release of 

magnesium from the particle membranes and that the particles are capable 

of binding less chlorotetracycline under these conditions. No changes 

in the light scattering properties of the suspension were observed upon 

energization of the particles with succinate. The rate and the magni

tude of the fluorescence decrease caused by succinate addition was in

creased by the inclusion of oligomycin (2.5 jjg/ml) in the reaction 

mixture suggesting that the proposed release of magnesium from the 
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Figure 21. The effect of oligomycin, uncoupler, or malonate on the 
chlorotetracycline associated fluorescence of energized 
beef heart submitochondrial particles (ETP̂ -Mg"̂ ). 

The incubation medium contained sucrose, 0.31 M, and Tris-Cl, 0.02 M, 
pH 6.7. The additions noted in the figure were to final concentrations 
of succinate, 2.5 mM; oligomycin, 2.5 yg/ml; FCCP. 10 yM; and malonate, 
5.0 mM. The submitochondrial particles (ETP -Mg ) were added to a 
protein concentration of 0.67 mg/ml and the final concentration of 
chlorotetracycline was 25 yM. 

i 



particles was dependent upon the generation of a high energy state as a 

result of the oxidation of succinate (Figure 21, panel B). The inclu

sion of the uncoupler, p-trifluoromethoxyphenylhydrazone of carbonyl 

cyanide (FCCP), in the incubation medium prevented the generation of 

the high energy situation and prevented the release of magnesium from 

the part.icles (decrease in the fluorescence of chlorotetracycline) 

(Figure 21, panel C). The decrease in fluorescence or release of mag

nesium can also be prevented by inclusion of malonate (5 mM), a com

petitive inhibitor of succinate dehydrogenase, in the incubation mixture 

(Figure 21, panel D). It will be shown later that inhibitors of elec

tron transfer such as antimycin A which prevent the energization of the 

submitochondrial particle membranes, prevent the release of magnesium 

as monitored either by the response of the fluorescent chelate probe or 

by actual measurement of the magnesium retained in the particles. 

If the apparent release of magnesium from the particles upon en

ergization was prevented by compounds or conditions which de-energized 

the membranes, it was appropriate to determine whether this effect could 

be reversed once the magnesium was released during energization. Fig

ure 22 demonstrates that the magnesium treated particles in the presence 

of oligomycin were capable of cyclic changes in the chlorotetracycline-

associated fluorescence when small amounts of succinate (25 pM) were ad

ded repeatedly to the particles. Also, pertinent to the question of the 

reversibility of magnesium binding, which was dependent upon the energe

tic state of the membrane, is the data shown in Figure 23, panel A. 

Magnesium was released from the particles upon energization with succin

ate plus oligomycin while the addition of malonate, FCCP, or antimycin A, 
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Figure 22. The effect of the repeated addition of succinate on the 
chlorotetracycline associated fluorescence of beef heart 
submitochondrial particles (ETPU-Mg++). 

H 

The incubation medium as well as the chlorotetracycline and oligomycin 
concentrations were the same as described in the legend for Figure 21. 
The submitochondrial particles were present in a protein concentration 
of 1.35 mg/ml and the successive additions of succinate were each to a 
concentration of 25 yM. 
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Figure 23. The effect of antimycin A, malonate, or uncoupler on 
chlorotetracycline or l-analino-8-naphthalene sulfonate 
(ANS) associated fluorescence changes in beef heart sub-
mi tochondrial particles (ETP -Mg"̂ ) . 

rl 

The experiments were performed in the sucrose medium described in the 
legend for Figure 21 and oligomycin 2.5 yg/ml, was present in each in
cubation. The final concentrations of the other components in these 
experiments were: succinate, 2.5 mM; FCCP, 1 yM; malonate 5 mM; anti
mycin A, 20 yg/ml. The final concentration of both chlorotetracycline 
and ANS was 25 yM. The submitochondrial particles were present in a 
protein concentration of 0.71 mg/ml. 
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caused an increase in the fluorescence of the chlorotetracycline indi

cating an uptake of magnesium upon de-energization. That the submito-

chondrial particles were indeed being energized upon substrate addition 

and de-energized upon addition of the inhibitors or uncouplers was ap

parent from the data shown in Figure 23, panel B. Addition of the 

fluorescent membrane probe l-analino-8-naphthaline sulfonic acid (ANS) 

to the magnesium treated submitochondrial particles indicated that upon 

substrate addition the particles became energized (increase in fluores

cence at 380-»480 nm) while addition of malonate, antimycin A or FCCP 

caused the ANS fluorescence to decrease markedly indicating the de-

energization of the membranes. 

Each of the preceding experiments using succinate to energize 

the submitochondrial particles was performed in a reaction medium con

taining sucrose, 0.21 M, and Tris-chloride, 0.02 M. The experiment shown 

in Figure 24 indicates that the addition of"ATP was not effective for 

energizing the mitochondrial membranes to release bound magnesium from 

I J 
the ETP -Mg particles unless a small amount of exogenous magnesium was 

H 

added to the sucrose-Tris incubation medium. Evidently, exogenous mag

nesium was necessary for the particles to utilize added ATP for energiza

tion of the membranes which resulted in a release of endogenous magnesium 

from the membranes as indicated by the change in the fluorescence of the 

chelate probe. It was also determined that oligomycin prevented the de

crease in the chlorotetracycline fluorescence upon the addition of ATP 

at any of the magnesium concentrations (data not shown). 
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Figure 24. The effect of various concentrations of magnesium on the 
ATP induced, chlorotetracycline associated, fluorescence 
of beef heart submitochondrial particles (ETP -Mg ). 

The sucrose-Tris reaction medium described in the legend to Figure 21 
was used. ATP was added to a final concentration of 2.5 mM and magne
sium chloride was added to the final concentrations noted in the fig
ure. The submitochondrial particles were added to a protein 
concentration of 0.71 mg/ml. 
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Figure 25 shows that energization and release of magnesium from 

the particles was accomplished upon the addition of ATP without the ad

dition of exogenous magnesium in a KCl-Tris reaction medium (Figure 25, 

Part A). The decrease in chlorotetracycline fluorescence upon ATP ad

dition was prevented by adding the uncoupler, FCCP (Part B) or oligomy-

cin (Part C). Also, it should be noted that a gradual decrease in the 

chlorotetracycline fluorescence of the ETP -Mg particles occurred dur-

ing the incubation in the KCl-Tris medium. This observation may indi

cate that magnesium associated with the submitochondrial particles was 

released more easily or possibly was displaced in the membrane by po

tassium ions. 

At this point it was considered crucial to demonstrate unequivo

cally that a decrease in the fluorescence of the chelate probe, chloro

tetracycline, corresponded to a release of bound or sequestered magnesium 

from the submitochondrial particle membranes. The data shown in Figure 

26 demonstrate that the fluorescence decrease caused by energization of 

the particles with succinate plus oligomycin was dependent upon the meth

od of preparation of the three types of submitochondrial particles. The 

| | 
magnesium-treated particles (ETP -Mg ) showed a larger decrease in 

H 

fluorescence upon energization than the untreated particles (ETP ) or 
H 

the EDTA-treated particles (ETP -EDTA) which exhibited little, if any, 
H 

change in chlorotetracycline associated fluorescence upon energization. 

Although it is not shown in Figure 26, the initial levels of chlorotetra-

cycline-associated fluorescence in the three types of particles decreased 

in the order ETPT,-Mg++ ETP ETP -EDTA. Panel B of Figure 26 merely 
H H H 

indicates that each of the three types of particles was capable of being 
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Figure 25. The effect of uncoupler or oligomycin on the ATP-mediated, 
chlorotetracycline-associated fluorescence of beef heart 
submitochondrial particles. 

The incubation medium contained KC1, 0.18 M, and Tris-Cl, 0.02 M, pH 
6.7. FCCP or oligomycin were present in final concentrations of 10 
yM and 2.5 yg/ml respectively. ATP was added to a final concentration 
of 2.5 mM and the submitochondrial particles were added to a protein 
concentration of 1.25 mg/ml. 
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Figure 26. The chlorotetracycline and ANS-associated fluorescence 
changes upon energization of three different types of beef 
heart submitochondrial particles. 

The sucrose-Tris reaction medium described in the legend to Figure 21 
was employed. Succinate was added to a final concentration of 2.5 raM 
and oligomycin to a concentration of 2.5 pg/ml. For the traces shown 
in Panel A, the chlorotetracycline concentration was 25 IJM, and for the 
traces shown in Panel B, the ANS concentration was 25 yM. The protein 
concentration in all cases was 0.6 mg/ml. 
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energized upon addition of succinate plus oligomycin to ANS-treated par

ticles. This experiment implies that magnesium per se was not essential 

for energization of the particles upon addition of an oxidizable sub

strate. Also, it is apparent from these experiments that although an 

energy-induced conformation change occurred in all three types of parti

cles, a chlorotetracycline-associated fluorescence change occurred ex

clusively in particles which were enriched with respect to the divalent 

metal ion, magnesium (see Table 3). These observations also suggest 

that both the initial level of fluorescence of the chelate probe-treated 

particles and the change in fluorescence of the probe upon energization 

were functions of the content of magnesium in the particles. No such 

correlation may be made with calcium, the other- divalent cation of in

terest in this system. It is also of interest to note that magnesium 

apparently displaced calcium in the magnesium-treated particles, e.g. , 

compare the magnesium levels of 15.4 nmoles/mg protein and 34.3 nmoles/ 

| | 
mg protein in the ETP and ETP -Mg particles respectively with the 

h h 

calcium levels of 14.9 nmoles/mg protein and 2.3 nmoles/mg protein in 

the same particles. Magnesium treatment during preparation was appar

ently as effective as EDTA in removing calcium from the submitochondri-

al particle membranes. 

Further evidence indicating a correspondence between the magne

sium content of the particles and the relative initial levels of chloro

tetracycline-associated fluorescence may be discerned from the chlorotet-

racycline binding data for the three types of particles shown in Figure 

27. These data indicate that the amount of chlorotetracycline bound to 
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Table 3. Comparison of the magnesium and calcium content of various 
types of beef heart submitochondrial particles. 

Submitochondrial 
Particle Preparation 

Magnesium 
(nmoles/mg Protein) 

Calcium 
(nmoles/mg Protein) 

ETPH 15.4 14.9 

ETPR-Mg'H* 34.3 2.3 

ETP -EDTA 3.8 3.5 
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Figure 27. The binding of chlorotetracycline to various types of beef 
heart submitochondrial particles. 

Chlorotetracycline binding studies were performed as described in the 
Materials and Methods, at the protein concentrations indicated. The 
chlorotetracycline concentration was 12.5 yM in all incubations. These 
studies were performed in the sucrose-Tris medium described in the leg
end for Figure 21. 
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the three types of particles was dependent upon the magnesium content 

of the particles. The amount of chlorotetracycline bound to the par

ticles at any given protein concentration decreased in the order 

ETPH-Mg++ > ETP > ETP -EDTA, again correlating with the magnesium con-
" H H 

tent of the respective particle preparations. 

The correspondence between the fluorescence change of the sub-

mi tochondrial particles treated with the chelate probe, chlorotetra

cycline, and the magnesium content of the submitochondrial particles is 

shown in Figure 28. The fluorescence trace at the top of this figure 

indicates the decreased fluorescence response when the particles were 

energized with the addition of succinate plus oligomycin. Addition of 

antimycin A approximately 5 minutes after energization caused a nearly 

complete reversal of the fluorescence trace. Prior to energization (S^), 

prior to de-energization (S^) and following the return of the fluores

cence trace to its steady state level following de-energization (S^)> 

samples were taken for magnesium analyses. The magnesium content of the 

particles at the various time points is shown on the lower portion of 

Figure 28. The magnesium content decreased from 22.9 nmoles/mg protein 

in the untreated state to 17.3 nmoles/mg protein following energization 

with substrate and returned to 20.4 nmoles/mg protein following deenerr 

gization indicating a reasonable correspondence of the directional change 

of the chlorotetracycline fluorescence with the level of magnesium meas-

4+ 
ured in the ETP„-Mg particles. The changes in magnesium content of 

£1 

the submitochondrial particles upon energization and subsequent deenerr 

gization, although not large, were very consistent from experiment to 

experiment. As long as the time of the incubation ranged in length from 
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Figure 28. The relationship between the magnesium content and the 
chlorotetracycline-associated fluorescence changes upon 
energization and de-energization of beef heart mitochon
drial particles (ETP -Mg ). 

H 

The sucrose incubation medium was described in the legend to Figure 21. 
Other additions to the incubations were to final concentrations of 
succinate, 2.5 mM; oligomycin, 2.5 yg/ml; and antimycin A, 2.0 yg/ml. 
Samples were taken as noted and magnesium remaining in the submitochon-
drial particles was determined by the technique described in the Mate
rials and Methods. The submitochondrial particles were added to a 
protein concentration of 0.44 rag/ml. 
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5 to 10 minutes the changes in magnesium levels were on the order of 20 

to 30 percent of the total magnesium. When the time of incubation was 

increased to 30 minutes, "the data represented in Table 4 were obtained. 

1 I 
Incubation of the ETP -Mg particles in a sucrose-Tris medium for 30 

H 

minutes without additions resulted in a loss of very little magnesium 

e.g.,the control value for magnesium prior to incubation was approxi

mately 32 nmoles/mg protein. Inclusion of succinate in the medium dur

ing the 30 minute incubation caused a loss of nearly 50 percent of the 

magnesium in the particles. Addition of antimycin A in the presence of 

succinate substantially decreased the release of magnesium. In the fi

nal experiment described in Table 4 a release or leaking of magnesium 

++ 
was observed from ETP -Mg particles incubated in the KCl-Tris medium 

h 

without other additions. The release of magnesium observed in the KCl-

Tris medium confirmed the previous observation of the gradual fluores

cence decrease of the chlorotetracycline-treated particles illustrated 

in Figure 25. 

The experiment described in Figure 29 shows that the amount of 

j I 
chlorotetracycline which was bound to ETP -Mg particles under ener-

gized and unenergized conditions,e.g.,plus and minus succinate, was con

siderably different. This observation supports the contention that the 

amount of magnesium residing in the membranes determined the amount of 

the chelate probe which was bound or retained by the particle. This 

chlorotetracycline binding experiment was performed in two ways. First, 

the data shown in Figure 29 were collected in an experiment in which 

chlorotetracycline was added to two individual series of incubation mix

tures at different particle concentrations; one series contained 



Table 4. Comparison of the magnesium content of beef heart submitochondrial particles in
cubated under energized or de-energized conditions. — All experiments contained 
oligomycin, 2.5 yg/ml; chlorotetracycline, 25 yM; and Tris-chloride, 20 mM. The 
protein concentration in all experiments was 1.32 mg/ml. 

Incubation 
Number 

Incubation 
Medium Addition 

Incubation 
Time 

(minutes) 

Magnesium Content 
of Particles 

(nmoles/mg Protein) 

1 Sucrose 
0.31 M 

None 30 29.7 

2 Sucrose 
0.31 M 

Succinate, 5.0 mM 30 17.0 

3 Sucrose 
0.31 M 

Succinate, 5.0 mM 
Antimycin A, 20 yg/ml 

30 26.8 

4 KCl 
0.18 M 

None 30 19.8 
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Figure 29. The binding of chlorotetracycline to beef heart submito-
chondrial particles in the presence or absence of succi
nate. 

Chlorotetracycline binding studies were performed as described in the 
Materials and Methods at the protein concentrations indicated. The 
chlorotetracycline concentration remained constant at 12.5 yM. Oligo-
mycin, 2.5 yg/ml, was present in all incubations and succinate was 
added as indicated to a final concentration of 2.5 mM. 



succinate (energized) and the other series contained no succinate (un-

energized). Samples were withdrawn from each series to determine the 

extent of binding of chlorotetracycline. Nearly identical data were 

obtained when chlorotetracycline was added to a single series of incu

bation mixtures at different particle concentrations. Samples to de

termine the extent of chlorotetracycline binding were withdrawn prior 

to energization and again following addition of succinate. This later 

experiment indicated that the unenergized particles with their magne

sium component intact, bound relatively large amounts of chlorotetra

cycline. Upon energization apparently both magnesium and the chelate 

probe were released from the particles. It is tempting to conclude 

from this data that the decrease in chlorotetracycline-associated fluo-

| | 
rescence observed upon energization of ETP -Mg particles was due to the 

H 

release of both magnesium and the chelate probe from the lipophilic en

vironment of the membrane. 

A consideration of interest in this study of the relationship 

between the energetic status of submitochondrial membranes and the mag

nesium binding properties of the membrane was the accessibility of the 
i 

bound magnesium to various types of divalent metal ion chelators. The 

fluorescence trace denoted A of Figure 30 demonstrates that the addition 

of the polar chelator, EDTA, did not affect the chlorotetracycline-

associated fluorescence and, it may be presumed, EDTA treatment did not 

result in the release of magnesium from the particles in the sucrose-

Tris medium. On the other hand, the addition of a lipophilic divalent 

metal chelator such as o-phenanthroline caused an extensive decrease in 

the chlorotetracycline-associated fluorescence indicating that the 
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Figure 30. The effect of o- and m-phenanthroline and EDTA on energy 
dependent changes in chlorotetracycline-associated fluores
cence of beef heart submitochondrial particles (ETP -Mg**-*") . 

H 

The incubation medium was that described in the legend to Figure 21. 
Oligomycin, 2.5 yg/ml; chlorotetracycline, 25 pM; and submitochondrial 
particles, 0.71 mg/ml, were present in each incubation. The following 
additions were made as indicated in the figure: succinate, 2.5 mM; 
antimycin A, 2.5 yg/ml; EDTA, 5 mM; o- and m-phenanthroline, 20 mM. 
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o-phenanthroline may have had access to the magnesium pool associated 

with the chelate probe, chlorotetracycline. Addition of succinate to 

the particles following o-phenanthroline treatment did not result in a 

further decrease in fluorescence. When o-phenanthroline was added in 

the presence of EDTA the fluorescence decrease was even more extensive 

indicating the possibility that the inclusion of o-phenanthroline ren

dered magnesium available to the EDTA. The fluorescence trace B of 

Figure 30 indicates that the addition of o-phenanthroline following 

energization of the particles with succinate caused a slight but tran

sient increase in the fluorescence suggestive of de-enenergization. 

When the particles were treated with antimycin A the characteristic in

crease in chlorotetracycline fluorescence previously observed upon de-

energization was not observed (See Figure 23). This experiment suggests 

that the binding of magnesium to the submitochondrial particle membranes 

following de-energization was prevented by a chelator which had access 

to the magnesium pool capable of reassociating with the membranes. Ad

dition of large amounts of EDTA following energization of the particles 

with succinate (not shown) had no apparent effect on the fluorescence 

trace. Addition of antimycin A following EDTA caused only a partial 

restoration of the fluorescence trace to the original level (e.g.,see 

Figure 23) indicating that EDTA had a somewhat limited access to the 

magnesium which was released following energization of the particles. 

Part C of Figure 30 indicates that the addition of the non-

chelating analogue of o-phenanthroline, m-phenanthroline, following en

ergization with succinate, caused a rapid and extensive increase in 

fluorescence suggestive of a de-energization of membranes. Addition of 
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antimycin A following m-phenanthroline did not increase further the 

chlorotetracycline fluorescence, confirming the suggested deenergiza-

tion by m-phenanthroline. Addition of m-phenanthroline prior to 

succinate (not shown) caused no change in the fluorescence associated 

with the chelate probe. The experiments described in Figure 31 merely 

confirm the suggested de-energizing effects of both o- and m-phenan

throline as measured by the fluorescence changes in ANS treated parti

cles. It is interesting to note the dual effects of the lipophilic 

chelator, o-phenanthroline, on this system. On one hand, o-phenanthro-

line seemed to have access as a chelator to the membrane associated 

magnesium and on the other hand, o-phenanthroline acted as an uncoupler 

or de-energizer of the membrane, a process which has been shown to lead 

to a reassociation of magnesium with the membrane. 

Figure 32 indicates that if the submitochondrial particles were 

incubated in a KCl-Tris medium, ATP addition caused a decrease in the 

chlorotetracycline associated fluorescence. Addition of EDTA following 

energization had little or no effect on the trace. EDTA addition prior 

to energization in the KCl-Tris medium caused a decrease in fluorescence 

equal to that observed with ATP. (See Trace B, Figure 32.) Addition of 

ATP to the EDTA-treated particles caused little or no further change in 

the fluorescence. Also, this experiment Implies that the pool of magne

sium which was released upon energization of the membrane and the pool 

of magnesium accessible to the ionic chelator, EDTA are one and the same. 

As was apparent in the previous experiments in which the reaction medium 

was KCl-Tris, the magnesium associated with the submitochondrial parti

cles seemed to be more accessible than in the sucrose-Tris medium. 
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Figure 31. The effect of o- and m-phenantroline on the changes in ANS-
associated fluorescence of beef heart submitochondrial par
ticles (ETP -Mg ) following energization with succinate. 

ri 

The incubation medium was as described in the legend to Figure 21, with 
oligomycin present at a concentration of 2.5 yg/ml and ANS at a concen
tration of 25 yM. o- and m-phenanthroline were added to a final con
centration of 20 mM. The submitochondrial particles were added to a 
protein concentration of 0.71 mg/ml. 
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Figure 32. The effect of ATP and EDTA on the chlorotetracycline-
associated fluorescence of beef heart submitochondrial 
particles (ETP^-Mg )• 

The KCl-Tris reaction medium described in the legend to Figure 25 was 
used in the presence of chlorotetracycline at a concentration of 25 yM. 
The ATP was added to a final concentration of 2.5 mM and the EDTA to a 
concentration of 5 mM. The submitochondrial particles were added to a 
protein concentration of 1.4 mg/ml. 
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Further evidence that the chlorotetracycline-associated fluores

cence changes observed upon the energization of beef heart submitochon-

drial particles were indeed due to changes in the membrane associated 

metal levels comes through the use of the ionophorous antibiotic A23187. 

The action of this compound has been studied extensively by Reed and 

Lardy (123, 124) and they have proposed that it acts to enhance divalent 

cation movement along a concentration gradient. In the presence of 

A23187 the movement of divalent ions occurs without the consumption of 

metabolic energy so that the antibiotic itself does not act as an un-

coupler of oxidative phosphorylation. Therefore, A23187 seems ideal to 

help examine whether the energy dependent chlorotetracycline-associated 

fluorescence changes seen in these studies is indeed due to divalent 

metal ion movements. The data presented in Figure 33 illustrates that 

addition of a small amount of A23187 (0.1 Vg/ml) to beef heart submito-

I 1 
chondrial particles (ETP -Mg ) caused a gradual decrease in the observed 

n 

fluorescence. Addition of succinate caused a rapid fluorescence decrease 

followed by a moderate fluorescence decrease similar to that seen in Fig

ure 21. Upon the addition of antimycin A, the fluorescence is partially 

restored to a higher level. However, when the above experiment was re

peated in the presence of 2.5 mM EDTA, the initial A23187-induced de

crease in fluorescence was much more rapid and extensive. Also, neither 

succinate nor antimycin A addition had any effect on the observed fluo-

rescencewhen the experiment was performed in the presence of EDTA. In 

experiments not shown it was observed that A23187 in the presence or ab

sence of EDTA had no effect on the energy dependent ANS-associated fluor

escence changes of the beef heart submitochondrial particles. 
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Figure 33. The effect of A23187 on the energy dependent chlorotetra-
cycline-associated fluorescences ch^yges of beef heart 
submitochondrial particles (ETP^-Mg ). 

The incubation medium was as described in the legend to Figure 21. 
Other additions to the incubation were oligomycin, 2.5 yg/ml; and 
chlorotetracycline, 25 yM. As indicated, A23187, 0.1 yg/ml; succinate, 
2.5 mM; and EDTA, 2.5 mM were added. The submitochondrial particles 
were added to a final concentration of 0.7 mg/ml. 
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It seems clear from the data thus far presented that those 

processes which are identified with a chlorotetracycline-associated 

fluorescence decrease are also involved in decreasing the content of 

magnesium associated with the submitochondrial particle. Conversely, 

treatments of the submitochondrial particles causing a chlorotetracy

cline-associated fluorescence increase, also elevate the level of mag

nesium associated with the particle. In other words, there seems ample 

evidence that at least qualitatively, chlorotetracycline-associated 

fluorescence changes represent actual changes in the submitochondrial 

particle-associated magnesium levels. However, these data neither 

support nor detract from a direct, absolute relationship between sub

mitochondrial particle magnesium content and chlorotetracycline fluo

rescence. Even though it is apparent that submitochondrial particle 

energization causes actual magnesium release and that de-energization 

causes metal uptake, the quantitative, kinetic correspondence of these 

metal level changes and fluorescent probe responses has not been estab

lished. 

In order to establish a quantitative relationship between the 

response of a fluorescent probe and actual ion movement, it is necessary 

to demonstrate complete coincidence of the kinetics of the two phenomena: 

however, even the most rapid filtration and washing techniques commonly 

available would not allow one to adequately examine the rate of energy-

dependent magnesium release from the submitochondrial particles during 

the time of rapid fluorescence change such as seen in Figures 21-33. 

This situation forces the use of indirect approaches to help examine the 

problem. 
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Although it was shown earlier (see Figure 30) that EDTA had no 

detectable effect on the chlorotetracycline-associated fluorescence 

changes seen, it was pointed out that such a polar chelator might not 

be expected to have access to the magnesium which is probably in a 

lipophilic area of the membrane. However, if the chlorotetracycline-

associated fluorescence changes noted upon particle energization were 

simply and totally due to the metal-probe complex leaving the environ

ment of the particle membrane, one would expect that EDTA would severely 

inhibit the reassociation of the metal with the membrane upon deener-

gization. EDTA should keep magnesium from moving back to the lipophilic 

environment of the membrane and should inhibit the enhancement of fluo

rescence such as seen in Figure 23, if a simple in-out or on-off phenom

enon was totally responsible for the observed fluorescence changes. 

That this is most likely not the case can be seen from the data presented 

in Figure 34. It can be seen that even after 15 minutes of energization 

of the submitochondrial particles in a sucrose medium, the presence of 

EDTA only caused a 40% decrease in the extent of fluorescence enhance

ment upon de-energization. That is to say that it appears that after 

15 minutes of energization, 60% of the observed chlorotetracycline-

associated fluorescence decrease was unaffected by 5 mM EDTA. Therefore, 

something else besides simple metal-probe movement away from the particle 

is probably responsible for at least part of the observed fluorescence 

changes. 

Such data as seen in Figure 34 is explainable if some of the 

energy-dependent fluorescence decrease were due to actual metal and probe 

movement out of the membrane (where it would be accessible to EDTA, and 
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Figure 34. The effect of the time of energization on the de-energized 
chlorotetracycline-associated fluorescence incy^ase of 
beef heart submitochondrial particles (ETP -Mg ). 

rl 

Beef heart submitochondrial particles (0.7 mg/ml) were energized by the 
addition of succinate (2.5 mM) for the times indicated in the figure. 
At that time antimycin A (2.0 yg/ml) was added and the fluorescence was 
allowed to increase for 4 minutes. The percent of the total baseline 
fluorescence which was recovered is plotted. The medium was that de
scribed in the legend to Figure 21 with oligomycin (2.5 pg/ml) and 
chlorotetracycline (20 pM). As indicated, EDTA (2.5 mM) was also pres
ent. 
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where the hydrophilic environment would decrease the fluorescence quan

tum yield) in addition to some other rapid process that would also lower 

fluorescence quantum yield. The other process responsible for such a 

quantum yield decrease could be either a change in the microenviron-

ment of the fluroescent probe due to a membrane conformational change, 

or movement of the probe-metal complex within the membrane to a less 

lipophilic (and consequently lower quantum yield) site. That such rap

id conformational changes occur in submitochondrial particles has been 

demonstrated by the use of ANS fluorescence changes (125). Further, it 

seems that part of the rapid ANS fluorescence changes seen upon ener

gization are due to changes in the microenvironment of the probe (126). 

An approach to the question of possible fluorescence quantum 

yield changes comes through the use of a plot of relative chlorotetra-

cycline-associated fluorescence versus submitochondrial particle 

j | 
(ETP -Mg ) protein concentration. Such a plot using sucrose medium 

H 

with both energized and unenergized particles is seen in Figure 35. 

These data indicate that even at high protein concentrations, the chloro-

tetracycline-associated fluorescence of energized submitochondrial par

ticles does not approach the fluorescence with the unenergized partir-

cles. If the chlorotetracycline-associated fluorescence decrease 

observed upon submitochondrial particle energization was due solely to 

a decreased number of probe binding sites per unit of particle protein, 

one would expect there to be an equality of fluorescence under both met

abolic conditions when the protein concentration became high enough. 

It was previously shown that there is indeed a decrease in bound chloro-

tetracycline upon submitochondrial particle energization (see Figure 29). 
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Figure 35. Th |̂effect of increasing submitochondrial particles (ETP^-
Mg ) protein concentration on the chlorotetracycline-
associated fluorescence in the presence and absence of 
succinate. 

The incubation medium was as described in the legend to Figure 21, with 
oligomycin, 2.5 yg/ml; and chlorotetracycline, 25 yM; and as indicated 
succinate, 2.5 mM. 
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but the data presented in Figure 35 support the notion that perhaps 

more than just chlorotetracycline extrusion is responsible for the ob

served energized fluorescence decrease. 

It is possible that the differences in maximal chlorotetra-

cycline-associated fluorescence of the energized and unenergized parti

cles are due to an artifact of light scattering. It is possible, for 

example, that energized submitochondrial particles would exert an 

"inner filter" effect such that they absorb light at either the excita

tion or emission wavelength, causing an apparent fluorescence decrease. 

This possibility was examined, and two factors make such an artifact 

unlikely: 1) light scattering by submitochondrial particles (ETP -Mg"1-*") 
H 

either in the absence or presence of chlorotetracycline does not change 

upon energization; and 2) the experiments shown in Figure 35 performed 

at chlorotetracycline concentrations from 0.2 to 20 pM had identical re

sults (data not shown). Therefore, it appears that the observed fluo

rescence differences seen in Figure 35 are not due to changes in the 

optical properties of the submitochondrial particles, but likely are due 

to changes in the number or quantum yield of the chlorotetracycline bind

ing sites. 

Divalent Ion Movements in Beef Heart Mitochondria 

The studies of the previous section support the feasibility of 

using chlorotetracycline as a probe of magnesium movements in a submito

chondrial particle system, as long as sufficient supportive evidence is 

also obtained. It was shown that in such a submitochondrial particle 

system, reversible, energy-dependent magnesium flux occurred. However, 



the relevance of these data to actual divalent cation flux in intact 

mitochondria cannot be assumed. This section represents an attempt to 

examine the movement of calcium and magnesium within or through intact 

mitochondrial membranes using the chelate probe, chlorotetracycline, in 

conjunction with other more conventional means for the measurement of 

ion uptake or transport. 

Figure 36 demonstrates that in a reaction medium containing 

5 mM MgC^ the addition of an oxidizable substrate such as succinate 

caused an increase in the chlorotetracycline-associated fluorescence. 

That this fluorescence increase was a result of an energy-requiring 

process may be demonstrated by the fact that the uncoupler, FCCP, to

tally inhibited the fluorescence increase. Although the traces are 

not shown, the administration of antimycin A, malonate, or potassium 

cyanide also resulted in total prevention of the observed chlorotetra

cycline-associated fluorescence increase. Also shown in Figure 36, is 

the fact that the inclusion of the permeant anion, phosphate, in the 

incubation medium, caused a marked inhibition of the energy-dependent 

fluorescence increase. Although the data is not shown, this inhibitory 

effect of phosphate was observed regardless of whether the potassium, 

the sodium or the Tris salt of phosphate was employed in the experi

ment. Other permeant anions such as acetate or arsenate had similar 

effects on the chlorotetracycline-associated fluorescence, while the 

impermeant anion, chloride, did not prevent the succinate-induced in

crease in chlorotetracycline-associated fluorescence. This observation 

was not predicted, as others have shown that both the amount and rate of 
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Figure 36. The effect of uncoupler and phosphate on the succinate in
duced increase in chlorotetracycline-associated fluores
cence in isolated beef heart mitochondria incubated in a 
reaction medium containing magnesium chloride. 

The incubation medium contained sucrose, 0.31 M; Tris-chloride, 0.02 M, 
at pH 6.7; oligomycin, 1 yg/ml; magnesium chloride, 5 mM; and chloro-
tetracycline 10 yM. Tris-phosphate, 5 mM; FCCP, 1 pM; and succinate, 
2.5 mM were added as indicated in the individual traces. The mitochon
drial protein concentration was 0.8 mg/ml. 
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magnesium and calcium uptake by isolated mitochondria are markedly in

creased in the presence of a permeant counter ion (60, 82, 127, 128). 

That an energy-dependent uptake of magnesium was occurring under 

the experimental conditions shown in Figure 36 and that phosphate inclu

sion in the reaction medium enhanced the uptake of magnesium may be seen 

in the experiment shown in Figure 37. The inclusion of the uncoupler, 

FCCP, totally inhibited the measured magnesium uptake as might be pre

dicted from the chlorotetracycline-fluorescence data shown in Figure 36. 

The inclusion of the uncoupler, FCCP, totally inhibited the measured 

magnesium uptake as might be predicted from the chlorotetracycline-

fluorescence data shown in Figure 36. Uncoupler addition actually 

caused a "leak" of magnesium to the extramitochondrial space (63, 86). 

Hence, it was concluded from the experiments shown in Figures 36 

and 37 that the chelate probe, chlorotetracycline, was not simply a 

monitor of either binding or translocation of magnesium by the mitochon

drion. To illustrate this point, phosphate addition caused an enhanced 

uptake of magnesium, while at the same time phosphate prevented the 

fluorescence increase during active accumulation of the divalent cation. 

Figures 38 and 39 present data indicating that an identical 

situation obtains when calcium uptake was monitored using both the che

late probe and the retention of radioactive calcium by the mitochondria. 

Again, phosphate caused a reduction of the chlorotetracycline-associated 

increase following the addition of succinate but actually increased both 

A ̂  | | 
the rate and the amount of Ca uptake (Figure 39). Using both tech

niques for measuring uptake, FCCP totally inhibited the energy-dependent 

accumulation of calcium. 



115 

Magnesium Uptake 

Phosphole 

40 -

C 
'53 
o 
a 
Cn 
£ 

«/> 
03 
o 
E 

30 - No Addition 

20 

FCCP 

Minutes 

Figure 37. The effect of uncoupler and phosphate on the succinate-
induced uptake of exogenous magnesium by isolated beef 
heart mitochondria. 

The incubation medium was identical to that described in the legend 
for Figure 36. Samples were withdrawn at the times indicated for anal
ysis of magnesium using the procedure described in Materials and Meth
ods . 
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Figure 38. The effect of uncoupler and phosphate on the succinate-
induced increase of chlorotetracycline-associated fluores
cence in isolated beef heart mitochondria incubated in a 
reaction medium containing exogenous calcium. 

Reaction conditions were the same as described in the legend to Figure 
36 with the exception that rotenone, 1.5 yM, and calcium chloride, 250 
yM; were added while magnesium chloride was omitted from the incubation 
medium. 
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Figure 39. The effect of uncoupler and phosphate on the succinate-
induced uptake of radioactive calcium by isolated beef 
heart mitochondria. 

Reaction conditions were i^gnt^yal to those described in the legend 
for Figure 38 except that Ca (24 yC/mmole) was also included in the 
incubation. Samgj.es [yere withdrawn from the reaction mixture for the 
analysis of the Ca content of the mitochondria using the procedure 
described in the Materials and Methods. 
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A more dramatic illustration of the effect of counter ions, a 

divalent metal chelator and an uncoupler, on magnesium uptake is shown 

in Figures 40 and 41. Following a period of rapid succinate-stimulated 

uptake of magnesium, various additions were made to the reaction mix

ture in order to assess the reversibility or, conversely, the further 

stimulation of magnesium uptake. Addition of FCCP or the chelator, 

EDTA, caused a rapid decrease in the chlorotetracycline-associated 

fluorescence. The addition of permeant anions such as phosphate or 

acetate also caused a reversal of the trace toward a lower fluorescence 

level while the addition of chloride (not shown) had no effect on the 

trace. A similar experiment was performed in which magnesium uptake 

was measured directly and the results are illustrated in Figure 41. 

The addition of either acetate or phosphate caused a substantial in

crease of assayable magnesium in the mitochondria while both FCCP and 

EDTA resulted in a decrease in the magnesium associated with the mito

chondrial pellet. 

It is important to mention that the effect of phosphate on the 

fluorescence of chlorotetracycline in this experiment was probably not 

due to a direct effect of the anion on the chlorotetracycline-metal 

complex. Addition of phosphate to a methanolic solution of chlorotetra

cycline pi .s magnesium did not decrease the fluorescence at 400->520 nm 

but actually increased the fluorescence level. Also, repeated addition 

of phosphate to the chlorotetracycline treated mitochondrial suspension 

did not decrease the fluorescence of the probe below the baseline level. 
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Figure 40. The effect of the addition of uncoupler, EDTA, acetate, or 
phosphate on the reversibility of the chlorotetracycline-
associated fluorescence of energized beef heart mitochon
dria incubated in a reaction mixture containing magnesium 
chloride. 

Beef heart mitochondria were incubated under conditions identical to 
those described in the legend for Figure 36. FCCP, 1 yM; EDTA, 2.5 mM 
Tris-acetate, 5 mM; or Tris-phosphate, 5 mM were added to the incuba
tion at the points indicated in the Figure. 
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Figure 41. The effect of the addition of uncoupler, EDTA, acetate or 
phosphate on the magnesium level of energized beef heart 
mitochondria incubated in a reaction medium containing mag
nesium chloride. 

Mitochondria were incubated under identical conditions to those indi
cated and analyses for magnesium were performed as described in the 
Materials and Methods. 

1 
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Using chlorotetracycline-associated fluorescence as a monitor 

of calcium ion association with the mitochondrial membrane and the 

actual uptake of radioactive calcium by the mitochondria, both phos

phate and uncoupler addition caused similar effects to those seen in 

the magnesium uptake experiment (see Figures 42 and 43). Again, there 

was a somewhat paradoxical decrease in the chlorotetracycline-associated 

fluorescence with both phosphate and uncoupler while phosphate 

addition resulted in a retention of the calcium taken up by the mito

chondrion . 

Figure 44, panel A demonstrates that N,N,N'N'-tetramethyl-p-

phenylenediamine (TMPD) plus ascorbate could be used as an energy 

source for the uptake of magnesium. Inhibition of respiration with 

potassium cyanide resulted in a rapid decrease in the chlorotetra

cycline-associated fluorescence. Panel B of Figure 44 indicates that 

the phosphate-mediated decrease in chlorotetracycline-associated fluo

rescence (which was accompanied by an increase in the uptake of magne

sium as seen in Figures 40 and 41) was totally inhibited by treatment 

of the mitochondria with mersalyl prior to the addition of phosphate. 

Mersalyl has been shown by others to inhibit the uptake of phosphate by 

isolated mitochondria (129, 130). The use of TMPD plus ascorbate as 

the energy source for divalent ion uptake was initiated in an attempt 

to rid the system of anionic species which may serve as effective 

counter ions for divalent ion uptake. That succinate may have served 

as a permeant counter ion in this system was indicated by the fact that 

the chlorotetracycline-associated fluorescence increase upon addition 

of TMPD plus ascorbate was greater than that seen when succinate was 
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Figure 42. The effect of uncoupler and phosphate on the reversibility 
of the chlorotetracycline-associated fluorescence in ener
gized beef heart mitochondria incubated in a reaction medi
um containing calcium chloride. 

The incubation conditions were identical to those described in the leg 

end to Figure 38. 
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Figure 43. The effect of uncoupler and phosphate on the level of 
radioactive calcium maintained by isolated beef heart 
mitochondria. 

The incubation conditions were identical to those described in Figure 
9. At the times indicated, samples were withdrawn and analyzed for 

as described in the Materials and Methods. 
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Figure 44. The effect of mersalyl, phosphate and cyanide on the 
chlorotetracycline-associated fluorescence level of TMPD 
plus ascorbate treated beef heart mitochondria. 

Beef heart mitochondria, 0.6 mg/ml, were incubated in a reaction medium 
containing sucrose, 0.31 M; Tris—chloride, 0.02 M; ascorbate, 5 mM; 
oligomycin, 1 yg/ml; magnesium chloride, 5 mM; and chlorotetracycline, 
10 yM. Energization of the mitochondria was initiated by the addition 
of TMPD, 10 pM. Potassium cyanide, 1 mM; Tris-phosphate, 5 mM or mer
salyl, 250 yM were added as indicated in the figure. 
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used as the energy source (data not shown). The fact that phosphate 

addition caused a significant fluorescence decrease following energiza

tion with succinate (Figure 40) indicated that phosphate was a much 

better counter ion than was succinate for the translocation of divalent 

ions in this heart mitochondrial system. 

The effect of increasing potassium concentration has been uti

lized by others to attempt to characterize the nature of calcium binding 

sites on mitochondrial membranes (87). The experiment described in 

Figure 45 demonstrates that the magnitude of the fluorescence change co

incident with the energized uptake of either magnesium or calcium was 

greatly diminished by the inclusion of potassium ions in the incubation 

medium. However, the baseline fluorescence level observed prior to the 

addition of an oxidizable substrate was unaffected by increasing po

tassium concentration. 

That chlorotetracycline may be a reasonable monitor of the 

membrane-association of divalent metal ions in the absence of exogenous 

calcium or magnesium may be seen in Figures 46, 47 and 48. Although 

the absolute fluorescence changes in the absence of added divalent met

als were much smaller than in their presence, an energy-dependent fluo

rescence change was clearly observed. Figure 46, trace A indicates that 

succinate addition to the beef heart mitochondria caused a rapid in

crease in the chlorotetracycline-associated fluorescence. The increased 

fluorescence level persisted until the mitochondrial suspension became 

anaerobic whereupon the fluorescence trace returned to the original lev

el. Partial restoration of the aerobic conditions in the cuvette by vig

orous mixing resulted in a return of the chlorotetracycline-associated 
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Figure 45. The effect of potassium ions on chlorotetracycline-
associated fluorescence changes of beef heart mitochondria. 

The KCI concentration was varied as indicated in the Figure, and su
crose was added to keep the osmolarity constant. The incubation medium 
also contained 20 mM Tris-chloride, pH 6.7; oligomycin, 1 yg/ml; rote-
none, 1.5 yM; chlorotetracycline, 10 yM; and beef heart mitochondria at 
a protein concentration of 0.6 mg/ml. Calcium, 250 yM, or magnesium, 
2.5 mM, were added as indicated in the Figure. The relative fluores
cence change of the suspension was measured as the difference between 
the initial fluorescence level and the level 4 minutes after the addi
tion of succinate, 2.5 mM. Changes in the baseline fluorescence were 
monitored in parallel experiments over the same time period in the ab
sence of succinate. 
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Figure 46. The effect of aerobic-anoxic cycles on the chlorotetracy-
cline-associated fluorescence of isolated beef heart mito
chondria. 

Beef heart mitochondria (0.8 mg/ml) were incubated in the reaction me
dium described in the legend to Figure 36 with the exception that no 
divalent metals were added. The experiment described in trace A con
tained 10 yM chlorotetracycline, trace B had no added fluorochrome and 
trace C had 10 yM ANS. Aeration of the samples was done by vigorous 
mixing at the times indicated. 
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Figure 47. The effect of A23187 on the chlorotetracycline and ANS-
associated fluorescence of isolated beef heart mitochon
dria. 

The mitochondria (0.6 rag/ml) were incubated in the reaction medium de
scribed in the legend to Figure 36 except that magnesium chloride was 
not included. The experiments described in panel A contained 10 yM 
chlorotetracycline, while those in panel B had 10 yM ANS. EDTA was 
included in the reaction medium as indicated at a final concentration 
of 5 mM. The antibiotic A23187 and succinate were added as indicated 
to final concentrations of 0.1 yg/ml and 2.5 mM respectively. 
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Figure 48. The effect of energization and de-energization on chloro-
tetracycline-associated fluorescence of intact beef heart 
mitochondria and submitochondrial particles. 

The incubation medium for both experiments contained sucrose, 0.31 M; 
Tris-chloride 0.02 M pH 6.7, oligomycin, 1 yg/ml; chlorotetracycline 
10 yM; rotenone 1.5 yg/ml. The reaction medium used in the experiment 
described in panel B also contained 5 mM magnesium chloride. Succinate 
and antimycin A were added as indicated to concentrations of 2.5 mM and 
1 yg/ml respectively. The submitochondrial particle protein concentra
tion for the experiment in panel B was 0.8 mg/ml. 
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fluorescence to the elevated level. These aerobic-anoxic cycles can be 

repeated several times indicating that the association of the divalent 

metal ions with the membrane as monitored with the probe was readily 

reversible. The slight fluorescence increase coincident with the ex

haustion of the oxygen in the cuvette was probably due to an increase 

in 90° light scattering at this point in the experiment (see Trace B). 

That the mitochondrial membranes were being alternately energized and 

de-energized during the aerobic-anoxic cycles is shown in the ANS-

fluorescence cycles shown in Trace C of Figure 46. 

In other experiments (not shown) it was demonstrated that it 

was possible to diminish by more than fifty percent the magnitude of 

the cyclic chlorotetracycline-associated fluorescence changes as seen 

in Figure 46 by the inclusion of phosphate (5 mM) in the incubation. 

Addition of EDTA also caused a decrease in the magnitude of the fluo

rescence cycles of the probe. There was no decrease in the magnitude of 

the cycles as monitored by the probe of the energization of the mem

branes, namely ANS (see Trace C of Figure 46), upon treatment with phos

phate or EDTA. 

The data presented in Figure 46 are consistent with a mechanism 

in which the "energized" membrane binds divalent ions at a site which 

may be monitored by chlorotetracycline. In the absence of exogenous 

metal ion, the fluorescence changes of the probe may be due to an inter

action of divalent metal ions in the matrix with membrane-associated 

chlorotetracycline or to a shift of the metal ions from one site in the 

membrane to another, the latter site being accessible to the chelate 
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probe. In either case, it seems clear that the movement or state of 

the metal is altered by the energetic state of the mitochondrial mem

brane. 

A further indication that the chlorotetracycline-associated 

fluorescence changes observed upon energization of the beef heart mito

chondria were due to changes in the location of metal ions was obtained 

through the use of the ionophorous antibiotic, A23187. Figure 47 illus

trates that the addition of a small amount of A23187 (0.1 pg/ml) to 

beef heart mitochondria treated with chlorotetracycline caused a gradual 

decrease in fluorescence. Addition of succinate caused a rapid fluores

cence increase followed by a continuing decrease in fluorescence until 

oxygen was exhausted in the cuvette whereupon a very rapid decrease in 

fluorescence occurred. This experiment was interpreted as an indica

tion that A23187 lead to a depletion of divalent metal ions from the 

mitochondrial membrane in the absence of any energetic consideration. 

When the mitochondria were energized with succinate, the membranes were 

able to restore partially, if only temporarily, their divalent ion com

ponent in the face of the continued loss of metal ion due to the action 

of the antibiotic. De-energization caused by anaerobiosis caused a 

nearly complete loss of the divalent ions. When the above experiment 

was repeated in the presence of EDTA (5 mM) the initial A23187-induced 

decrease in fluorescence was much more rapid and extensive. Succinate 

addition had no effect on the trace while anaerobiosis caused a slight 

fluorescence increase probably due to a small light scattering arti

fact. The ANS-associated fluorescence traces shown in panel B merely 

indicate that A23187 affected neither the initial fluorescence level 
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nor the succinate stimulated energization of the membranes in the con

trol and in the EDTA-treated mitochondria. In data not shown, it was 

observed that succinate oxidation as measured using an oxygen electrode, 

proceeded at the same rate in the presence and in the absence of A23187. 

This experiment strongly suggests that the chlorotetracycline-associated 

fluorescence changes were due to changes in the state or location of 

membrane-associated divalent metal ions. 

Beef heart submitochondrial particles prepared in the presence 

of magnesium chloride were shown to release magnesium to the incubation 

medium upon energization of the membranes by an oxidizable substrate. 

Figure 48 shows a comparison of chlorotetracycline-associated fluores

cence traces of submitochondrial particle membranes (Trace A) and whole 

mitochondria (Trace B). Energization of the mitochondrial membranes 

caused a fluorescence decrease in the particles and a fluorescence in

crease in the whole mitochondria. Opposite directional changes in 

chlorotetracycline-associated fluorescence were apparent in both the 

case of energization with succinate and with de-energization upon ad

dition of antimycin A. Since submitochondrial particles have been de

scribed as essentially "inside-out" fragments of the inner mitochondrial 

membrane (131), it is tempting to speculate about the directional char

acter of energy-dependent divalent metal ion movement. 
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The Effects of Calcium, Magnesium and Periiieant 
Anions on the Pyruvate Dehydrogenase Complex 

An examination of the role of mitochondrial ion movements in the 

regulation of the pyruvate dehydrogenase multienzyme complex should be 

conducted under incubation and assay conditions compatible with both 

mitochondrial ion movements and the enzymatic activity. In the preced

ing section it was shown that divalent cation movements in beef heart 

mitochondria, as monitored by the chelate probe, chlorotetracycline, 

were maximized in a sucrose-Tris medium at a pH of 6.7. Although the 

data is not presented, cysteine or thiamine pyrophosphate at the con

centrations necessary for the demonstration of pyruvate dehydrogenase 

activity (11) do not interfere with the chlorotetracycline-associated 

fluorescence changes or the cation movements observed previously. 

Using a system as complex as the intact mitochondrion to study 

the regulation of a single enzymatic function, care must be taken to 

insure that the reaction product being monitored is a true reflection 

of the enzyme activity in question. In the case of the measurement of 

pyruvate dehydrogenase activity, the most convenient reaction product 

which can be measured is NADH (11). However, because NADH is intri

cately involved in many mitochondrial reactions, relying on the in

crease in absorbance at 340 nm as an indication of pyruvate dehydro

genase activity is complicated by NADH production by the malate 

dehydrogenase reaction. Malate dehydrogenase is quite active in mito

chondrial incubations especially in the presence of citrate synthase 

and a source of acetyl-CoA (132, 133). Further complicating the use 

of NADH production as a measure of the rate of pyruvate dehydrogenase 
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in mitochondrial systems which employ TMPD plus ascorbate as a source 

of mitochondrial energy, is the fact that TMPD even at low concentra

tions non-enzymatically oxidizes NADH (134). The measurement of 

acetyl-CoA as an assay of pyruvate dehydrogenase activity is compli

cated by the presence of citrate synthase. This is especially true 

if the mitochondrial incubation contains a significant amount of di-

carboxylic acids. 

The reaction product of pyruvate dehydrogenase which may involve 

the fewest problems both technically and theoretically is CC^ released 

from the 1-position of pyruvate upon oxidation. Assays based upon the 

decarboxylation of pyruvate have been used by several investigators 

(46, 50) and seem especially suitable for use in heart mitochondria 

which do not contain appreciable amounts of pyruvate carboxylase (135). 

14 14 
That the production of CC^ from 1- C-pyruvate is a reasonable 

i 

pyruvate dehydrogenase assay system for use with beef heart mito

chondria is shown in the results presented in Figure 49. The produc-

14 
tion of CO^ proceeds linearly for at least 10 minutes at 37°C. 

Little or no ^COwas produced if either CoA or NAD+ were omitted 

from the reaction medium. The linearity of the assay during the ini

tial 10 minutes indicates that neither the substrates nor the products 

of the reaction are causing an activation or an inhibition of the 

pyruvate dehydrogenase. 

It can be seen from the data in Figure 49 that the addition of 

oxalacetate to the reaction medium caused an increase in the observed 

rate of ^C0„ production and this rate of ^CO production was linear 
^ 2-
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14 Figure 49. The effect of oxalacetate on the decarboxylation of 1- C-
Pyruvate by beef heart mitochondria. 

The exact assay procedure was described in the Materials and Methods. 
Oxalacetate was added to a final concentration of 2.5 mM. 
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for at least 15 minutes. Pre-incubation of the mitochondrial suspension 

with oxalacetate did not further enhance the rate of the reaction with 

oxalacetate even in the presence of the detergent, Lubrol, to eliminate 

permeability considerations (results not shown). The observation that 

oxalacetate stimulates the rate of the reaction indicates that the rate 

of pyruvate dehydrogenase may have been limited by an accumulation of 

NADH or acetyl-CoA, both inhibitors of pyruvate dehydrogenase (18). 

The probable elimination of the inhibitory effect of NADH and acetyl-CoA 

by the inclusion of oxalacetate in the assay medium allows the study of 

the control of pyruvate dehydrogenase by the phosphorylatlon-dephos-

phorylation mechanism proposed by Reed and his associates (21). 

Following the establishment of a suitable assay procedure for 

measuring pyruvate dehydrogenase activity in isolated mitochondria, ex

periments designed to elucidate the effects of divalent metal cations 

on the enzymatic activity were performed. The effect of preincubation 

of intact beef heart mitochondria with calcium, magnesium or both on 

the activity of pyruvate dehydrogenase is shown in Figure 50. The pres

ence of CaCl^, 250 liM, in the reaction medium caused a time-dependent 

increase in enzymatic activity, reaching a maximum after about 15 min-. 

utes of preincubation. A similar but more extensive activation was ob

tained upon the addition of MgCl^, 5 mM, to the preincubation medium. 

Increasing the concentration of either calcium or magnesium above that 

used in this experiment showed no further increase in either the rate 

or the extent of the apparent activation of the pyruvate dehydrogenase 

complex. The addition of both magnesium and calcium to the preincuba

tion medium caused a time-dependent increase in the activity of pyruvate 
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Figure 50. The effect of calcium and magnesium on the pyruvate dehy
drogenase activity of beef heart mitochondria. 

Beef heart mitochondria were preincubated at 24°C for the times indi
cated with the preincubation buffer described in the Materials and 
Methods. Calcium chloride, 250 pM; magnesium chloride, 5 mM; or both 
were included in the preincubation medium. The assay for pyruvate de
hydrogenase was performed at the times indicated as described in the 
Materials and Methods. 
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dehydrogenase which was significantly greater than that observed in the 

presence of either divalent cation alone. Extending pre-incubation 

times to 30 minutes did not increase the activity of pyruvate dehydro

genase above the levels seen in Figure 50. 

The effect of various anions on mitochondrial pyruvate dehy

drogenase is shown in Figure 51. The preincubation of beef heart 

mitochondria with the Tris salts of various permeant anions caused a 

substantial, time-dependent activation of the pyruvate dehydrogenase 

multienzyme complex in the absence of added divalent cations. The ad

dition of the impermeant anion, chloride, to the preincubation medium 

did not cause a significant increase in activity. Both arsenate and 

phosphate have about the same effect on the pyru-ate dehydrogenase 

activity of the intact mitochondria. Although the data are not shown, 

comparison of the effect of the sodium, potassium, or Tris salts of 

each of these anions revealed that the anion effects shown in Figure 51 

were monovalent cation-independent. 

Reed and his co-workers have shown that phosphate is an inhibi

tor of the pyruvate dehydrogenase phosphatase (3). The fact that phos

phate inclusion in the preincubation medium lead to an activation of 

pyruvate dehydrogenase in the present studies is not compatible with a 

direct effect of phosphate on the pyruvate dehydrogenase phosphatase. 

A more plausible explanation for the phosphate effect may be that per

meant anions cause a stimulation of the pyruvate dehydrogenase complex 

by affecting either the uptake or movement of divalent cations in the 

mitochondrial system. Since it has been shown in the last section that 

permeant anions dramatically effect mitochondrial calcium and magnesium 
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Figure 51. The effect of various anions on the pyruvate dehydrogenase 
activity of beef heart mitochondria. 

The mitochondrial suspensions were preincubated at 24°C for the indi
cated periods of time with 5 mM Tris-phosphate, Tris-arsenate or 
Tris-chloride, as indicated. The assay was done as described in the 
Materials and Methods. 
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movement, such a hypothesis is not unreasonable. This indirect effect 

of permeant anions on pyruvate dehydrogenase activity must therefore be 

examined in relation to the observed metal cation effects. 

The data presented in Figure 52 demonstrate that the effect of 

added calcium on the rate of pyruvate dehydrogenase was enhanced greatly 

if phosphate was also included. The enhancement of the calcium effect 

by phosphate was greater than the sum of their individual effects. The 

enhancement of pyruvate dehydrogenase activity of preincubation with 

phosphate was even more dramatic when magnesium and phosphate were ad

ded together (see Figure 53). The presence of both phosphate and mag

nesium in the preincubation medium caused a stimulation nearly four 

times greater than either magnesium or phosphate alone. 

When both calcium and magnesium were added to the mitochondri

al pre-incubation medium, pyruvate dehydrogenase activity was enhanced 

greatly by the addition of phosphate as seen in .Figure 54. Pyruvate 

dehydrogenase activity following a 20 minute pre-incubation in the pres

ence of calcium, magnesium and phosphate was 30 to 40% higher (depending 

on the particular mitochondrial preparation) than would have been pre

dicted if the phosphate stimulation was merely additive to the calcium 

plus magnesium effect. 

In data not shown, it was found that mersalyl, an inhibitor of 

mitochondrial phosphate transport, nearly eliminated the stimulatory ef

fect on the activity of pyruvate dehydrogenase of phosphate alone and of 

phosphate in the presence of calcium. The pre-incubation conditions de

scribed in Figure 54, i.e.,addition of calcium, magnesium and phosphate, 



141 

IO I 
O 

c 
*j5 
o 
CL 
o> 
E 

3 
C 

0. 
o 

6 -

5 -

2 4 -

Calcium and 

Phosphate 

Calcium 

No Addition 

-i ; 1 r-

5 10 15 20 

Minutes 

Figure 52. The effect of calcium or calcium plus phosphate on the 
pyruvate dehydrogenase activity of beef heart mitochondria. 

The mitochondrial suspension was preincubated for the indicated periods 
of time with calcium chloride, 250 M and Tris-phosphate, 5 mM. 
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Figure 53. The effect of magnesium or magnesium plus phosphate on the 
pyruvate dehydrogenase activity of beef heart mitochondria. 

The mitochondrial suspension was preincubated for the indicated periods 
of time with magnesium chloride, 5 mM, and Tris-phosphate, 5 mM. 
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Figure 54. The effect of phosphate on the calcium plus magnesium stim
ulated pyruvate dehydrogenase activity of beef heart mito
chondria. 

The mitochondrial suspension was prelncubated with calcium chloride, 
250 yM» magnesium chloride, 5 mM and Tris-phosphate, 5 mM as indicated 
in the figure. 
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resulted In the highest activation of pyruvate dehydrogenase seen with 

any of the combinations of cation and anion pre-incubation tested in 

these studies. 

From the preceding experiments it was clear that mitochondrial 

divalent cation transport may be involved in the regulation of pyruvate 

dehydrogenase. The preceding section presented evidence regarding the 

effect of metabolic energy on the association of divalent cations with 

beef heart mitochondrial membranes and, hence, it was of interest to 

assess the effect of energized divalent cation transport on the pyruvate 

dehydrogenase system. Because succinate could serve as a permeant anion 

for divalent cation movement in addition to being an adequate energy 

source, TMPD plus ascorbate was used as the energy source in the follow

ing experiments. The addition of TMPD alone had no effect on the rate 

of pyruvate dehydrogenase while ascorbate resulted in only a slight 

stimulatory effect which was negated by including ascorbate in all of 

the incubations. 

The data presented in Figure 55 demonstrate the effect of mito

chondrial energization by TMPD plus ascorbate on the calcium-mediated 

stimulation of pyruvate dehydrogenase. Energization eliminated the 

stimulatory effect of calcium. If the calcium stimulation of pyruvate 

dehydrogenase was due to the uptake of calcium by the mitochondria, one 

would have expected that increased calcium uptake upon energization 

would have enhanced rather than eliminated the calcium stimulation. 

Figures 56 and 57 demonstrate the inhibitory effect of mito

chondrial energization on the magnesium and the magnesium plus calcium-

associated enhancement of pyruvate dehydrogenase activity. The 
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Figure 55. The effect of TMPD on the calcium-mediated stimulation of 
pyruvate dehydrogenase in beef heart mitochondria. 

The mitochondrial suspensions were preincubated with calcium chloride, 
250 yM, and TMPD, 100 pM as indicated in the figure. All incubations 
also contained Tris-ascorbate, 10 mM. 
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Figure 56. The effect of TMPD on the magnesium-stimulated pyruvate 
dehydrogenase activity of beef heart mitochondria. 

The mitochondrial suspension was preincubated with magnesium chloride, 
5 mM, and TMPD, 100 yM, as indicated in the figure. Tris-ascorbate, 
10 mM, was included in each incubation. 
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Figure 57. The effect of TMPD on the calcium plus magnesium-stimulated 
pyruvate dehydrogenase activity of beef heart mitochondria. 

The mitochondrial suspension was preincubated with calcium chloride, 
'250 yM; magnesium chloride, 5 mM; TMPD, 100 yM; and potassium cyanide, 
1 mM, as indicated in the figure. Tris-ascorbate, 10 mM, was included 
in each incubation. 
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addition of potassium cyanide, an inhibitor of TMPD-ascorbate induced 

energization, nearly eliminated the inhibitory effect of energization 

on the pyruvate dehydrogenase activity. 

As permeant anions have been shown to a) increase the pyruvate 

dehydrogenase activity of beef heart mitochondria (Figures 51-54) and 

b) Increase the amount of calcium and magnesium uptake by energized 

beef heart mitochondria, it was essential to ascertain whether ener

gization affected the enhancement of pyruvate dehydrogenase activity 

by calcium or magnesium in the presence of phosphate. Figure 58 dem

onstrates that the addition of phosphate completely eliminated the 

inhibitory effect of energization on the divalent metal-associated 

stimulation of pyruvate dehydrogenase shown in Figures 55-57. Ener

gization with TMPD plus ascorbate had no effect on the phosphate as

sociated enhancement of pyruvate dehydrogenase activity. 

All of the preceding experiments have been performed in the 

absence of added ATP and in the presence of oligomycin to preclude 

ATP generation in the beef heart mitochondria. Hence, it seemed ap-

i 

propriate to examine the effect of divalent cations and their move

ment on the activity of pyruvate dehydrogenase in the presence of 

added ATP. Figure 59 demonstrates that whereas magnesium alone lead 

to an activation of the pyruvate dehydrogenase both ATP and ATP plus 

magnesium resulted in an inhibition of pyruvate dehydrogenase in a 

time-dependent fashion. These experiments also contained oligomycin 

to inhibit the hydrolysis of the added ATP by the mitochondrial ATP-

ase. It is apparent that both the rate and the extent of the ATP in

hibition was enhanced by the presence of magnesium. Although the data 
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Figure 58. The effects of TMPD on the calcium plus magnesium and the 
phosphate-stimulated pyruvate dehydrogenase activity of 
beef heart mitochondria. 

Beef heart mitochondria were preincubated with calcium chloride, 250 
JJM; magnesium chloride, 5 MM; Tris-phosphate, 5 MM; and TMPD, 100 PM, 
as indicated in the figure. Tris-ascorbate, 10 MM, was included in 
each incubation. 
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Figure 59. The effects of ATP and magnesium on the pyruvate dehydroge
nase activity of beef heart mitochondria. 

Beef heart mitochondria were incubated with ATP, 5 mM; and magnesium 
chloride, 5 mM; as indicated in the figure. All incubations contained 
oligomycin, 1 ng/ml. 
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are not presented, there was no significant effect of either calcium or 

phosphate on the ATP-dependent inactivation of pyruvate dehydrogenase. 

The effect of mitochondrial energization with TMPD plus ascor-

bate on the ATP-dependent Inactivation of pyruvate dehydrogenase was 

examined and the results are shown in Figure 60. Energization with 

TMPD plus ascorbate enhanced the ATP plus magnesium mediated inacti

vation of the enzyme complex. Again, these incubations were performed 

in the presence of oligomycin. TMPD addition caused only a very 

slight increase in the inhibition caused by ATP in the absence of mag

nesium. The addition of potassium cyanide completely eliminated the 

effects of TMPD plus ascorbate on the ATP plus magnesium-mediated in

hibition of pyruvate dehydrogenase (data not shown). 

The Extraction of the Pyruvate Dehydrogenase 
Complex from Beef Heart Mitochondria 

Although a great body of experimental evidence suggests that 

the phosphorylation and dephosphorylation of the pyruvate dehydroge- -

nase complex occurs in intact tissues, phosphoryl transfer has never 

been directly demonstrated. Since the pyruvate dehydrogenase multi-

enzyme complex is localized exclusively within the mitochondrion (4), 

the use of this organelle to attempt to demonstrate phosphoryl trans

fer in this enzyme complex seems appropriate. This section attempts 

to provide experimental support for the operation of the phosphoryla-

tion-dephosphorylation mode of control of the pyruvate dehydrogenase 

multienzyme complex in intact mitochondria. 

Various techniques for extraction of the mitochondrial pyruvate 

dehydrogenase complex were attempted. As can be seen from the data 
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Figure 60. The effects of ATP, magnesium and TMPD on the pyruvate de
hydrogenase activity of beef heart mitochondria. 

Beef heart mitochondria were incubated with ATP, 5 mM; magnesium chlo
ride, 5 mM; TMPD, 100 pM, as indicated in the Figure. All incubations 
contained oligomycin, 1 yg/ml, and Tris-ascorbate, 10 mM. 
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presented in Table 5, the most effective extraction procedure was soni-

cation in a hypotonic medium containing 0.1% Lubrol. Sonication was 

shown to be the most effective form of tissue disruption in this system, 

and three cycles of 20 seconds each gave optimal results. The use of 

freezing and thawing did not satisfactorily release the pyruvate dehy

drogenase complex, even when repeated through six cycles in either 

hyper or hypotonic buffers (results not shown). Also not shown in this 

table is the observation that if the Lubrol was added after the sonica

tion, very little enzyme activity was extractable. 

Results from the last section demonstrated that substantial in-

activation of the mitochondrial pyruvate dehydrogenase complex was ob

tained by pre-incubation of the mitochondria with 5 mM ATP plus 5 mM 

MgCl^. If the effect of pre-incubation with these two species was 

through a covalent modification of the pyruvate dehydrogenase multi-

enzyme complex, the effect should have been apparent in the extracted 

enzyme. That this was indeed the case can be seen from the results 

shown in Table 6, incubations 1 and 2. The presence of 5 mM ATP and 

5 mM MgCl^ in the mitochondrial preincubation caused a substantial de

crease in the observed extracted enzyme activity. That this was not 

simply a decrease in extractable enzyme content is shown by the fact 

that none of the pretreatments shown had any effect on the level of 

extractable a-ketoglutarate dehydrogenase. Further, the addition of 

CaCl2 (250 yM) plus MgCl^ (5 mM) to the sonic extract of the ATP plus 

Mg"^" pre-incubated solution for 15 minutes caused the pyruvate dehy

drogenase activity to increase substantially over the inhibited level. 
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Table 5. Extraction of pyruvate dehydrogenase activity from beef heart 
mitochondria. — Beef heart mitochondria (8 mg) were washed 
once by centrifugation in 20 ml of the buffer described in the 
Materials and Methods, and then resuspended in the same medium 
with the additions indicated. All incubations contained 0.26 
mM cysteine and 0.04 mM thiamine pyrophosphate, and the pH of 
all the incubations was 6.7. The resuspended mitochondrial 
solutions were then sonicated as described in the Materials 
and Methods, and centrifuged at 48,000 x g for 20 minutes to 
remove mitochondrial fragments. Portions (0.1 ml) of the 
supernatants were assayed as described in the Materials and 
Methods. 

Extraction 
Medium 

Extracted Pyruvate 
Dehydrogenase Activity 

AOD/min x 10^ 

% Activity 
Extracted 

1. Assay buffer 
- not extracted 46 

2. 0.031 M Sucrose 
0.002 M Tris-Cl 
0.1% Lubrol 

43 93 

3. 3 M Sucrose 
0.02 M Tris-Cl 
0.1% Lubrol 

14.5 30 

4. 0.03 M Sucrose 
0.002 M Tris-Cl 
0.1% deoxycholate 

22 48 

5. 3 M Sucrose 
0.02 M Tris-Cl 
0.1% deoxycholate 

8.5 18 

6. 0.031 M Sucrose 
0.002 M Tris-Cl 
0.1% Triton X-100 

27 59 

7. 3 M Sucrose 
0.02 M. Tris-Cl 
0.1% Triton X-100 

11 . 24 

8. 0.031 M Sucrose 
0.002 M Tris-Cl 
0.1% Lubrol 

42.5 92 

0.011 M EDTA 
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Table 6. Extraction of pyruvate dehydrogenase and a-ketoglutarate de
hydrogenase activities from beef heart mitochondria after 
various treatments. — Beef heart mitochondria were suspended 
in the buffer described in the legend to Table 5 with the ad
ditions as indicated. These suspensions were incubated for 
10 minutes at 24°C and then centrifuged at 27,000 x g for 10 
seconds. The pellets were resuspended in the basic assay 
buffer with the indicated additions and incubated for 15 min
utes at 24°C. The solutions were then centrifuged, sonicated 
and re-centrifuged as described in the Materials and Methods. 
Portions (0.1 ml) were assayed as described in the Materials 
and Methods. 

Treatment prior 
to sonication 

and extraction 

Pyruvate Dehydro
genase Activity 
(AOD/min x 10^) 

a-Ketoglutarate 
dehydrogenase 
Activity . 

(AOD/min x 10 ) 

1. No additions 
then centrifuged and 
resuspended with 
11 mM EDTA 

44 (100%) 34 (100%) 

2. +5 mM ATP 
+5 mM MgCl2 
then centrifuged and 
resuspended with 
11 mM EDTA 

9 (20%) 35 (103%) 

3. 5 mM ATP 
5 mM MgCl2 
then centrifuged and 
resuspended with 

32 (73%) 34 (100%) 

250 pM CaCl„ 
5 mM MgCl 
5 mM Tris-PO, 
then 11 mM EDTA added 
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The results of Table 6, incubation 3, show that the inhibitory 

effect of ATP plus magnesium is reversible. Even though incubation 3 

had been treated with 5 mM ATP and 5 mM MgCl^, it had been resuspended 

in the incubation buffer to which MgCl^, CaCl^ and Tris-phosphate were 

added. It is clear that treatment in this medium for 15 minutes 

caused a nearly complete reactivation of the pyruvate dehydrogenase 

multienzyme complex. 

The data presented in Table 6 represents the extractable pyru

vate dehydrogenase activity after extensive washing to remove added 

ATP. This would tend to indicate that the inhibition of the observed 

pyruvate dehydrogenase activity is either through a covalent modifica

tion, or the result of an extremely tightly bound ATP. That no sub

stantial free ATP was present by the time of enzyme assay is supported 

by the lack of inhibition of the extractable a-ketoglutarate dehydro

genase activity. This enzyme complex has been shown to be sensitive to 

ATP, especially when the enzyme source is beef heart mitochondria (136). 

The presence of EDTA in the extraction medium is absolutely es

sential in order to extract the pyruvate dehydrogenase complex in its 

inhibited form. The presence of any added calcium or magnesium in the 

extraction medium totally eliminates the observed inhibited enzyme activ

ity seen in Table 6, incubation 2. It is clear from incubation 8, in 

Table 5, that the presence of EDTA does not effect the extraction of 

the uninhibited enzyme complex, and further, when diluted in the enzyme 

assay, it allowed for full activity. It must be made clear that all of 

the mitochondrial suspensions described in Table 6 contained 11 mM EDTA 
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at the time of sonicatlon and extraction; the factor that varied was 

the stage of pre-incubation at which the EDTA was added. A great deal 

of effort was expended to find conditions which would stabilize the 

inhibited pyruvate dehydrogenase complex, and the conclusion was simply 

to keep the calcium and magnesium levels low presumably to inhibit the 

pyruvate dehydrogenase phosphatase (12). 

Although the data of Table 6 show that treatment of mitochon-r 

dria with ATP plus magnesium causes a reversible inhibition of extract-

able pyruvate dehydrogenase activity, a further purification of the 

inhibited complex was necessary to support the proposal of a covalent 

modification of the complex. In order to accomplish a modest purifi

cation, identical incubations to those described in Table 6 were per

formed, and the sonicatlon and centrifugation carried out as before. 

However, these crude extracts were then concentrated by ultracentrifu-

gation, resuspended, and then layered and run on sucrose density gradi

ents as described in the Materials and Methods. The fractions were 

collected and assayed, with the results as shown in Figure 61. As can 

be seen from panels A and B, the treatment with ATP plus magnesium 

caused a substantial decrease in assayable pyruvate dehydrogenase ac

tivity, and this activity difference remained through the purification 

steps described. If calcium, magnesium, and phosphate were added to 

the mitochondrial suspension after the ATP plus magnesium had been 

washed out by centrifugation, the pyruvate dehydrogenase activity re

turned nearly to the control level (see Figure 61, panel C). 

It therefore appears that the reversible inhibition and reacti

vation of pyruvate dehydrogenase was evident even through the 
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Figure 61. A sucrose density gradient of the extractable pyruvate de
hydrogenase activity of beef heart mitochondria treated 
with ATP and magnesium, calcium and phosphate. 

Beef heart mitochondria (8 mg) were treated as described in the legend 
to Table 6, and then processed and assayed as described in the Materi
als and Methods. The activity curve of panel A represents pyruvate 
dehydrogenase activity from mitochondria treated only with buffer and 
EDTA; panel B represents the activity from ATP treated mitochondria 
which were subsequently treated with EDTA; and panel C represents 
treatment with ATP, then buffer with Ca++, Mg and phosphate, and 
finally EDTA. 
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purification and extensive washing procedures employed. Although these 

data are consistent with the operation of a phosphorylation-dephosphor-

ylation control of the enzyme complex in the mitochondrial system used, 

it would be desirable to directly demonstrate the reversible transfer 

of the Y-phosphate of ATP during inhibition and reactivation of pyru-

32 vate dehydrogenase. When Y- P-ATP was added to mitochondrial incuba

tions like those used in Figure 61, there was considerable radioactivity 

associated with the sucrose density gradient fractions containing pyru

vate dehydrogenase activity. Since there was also radioactivity through

out the sucrose density gradient, further purification of the gradient 

fractions containing pyruvate dehydrogenase activity was necessary. 

Therefore, the sucrose density gradient fractions containing the pyru

vate dehydrogenase activity and the radioactivity were pooled, concen

trated, reduced, and a portion of this material was subjected to SDS 

gel electrophoresis (see Materials and Methods for experimental details). 

The radioactivity profile of these gels can be seen in Figure 62. When 

the mitochondria werw suspended with Y-̂ P~ATP, washed and then resus-

pended with EDTA (before sonication and partial purification) the radio

activity profile was that shown by the closed circles in Figure 62. If, 

however, after the treatment with Y~ P̂-ATP the mitochondria were washed 

and then resuspended with calcium, magnesium and phosphate for 15 min

utes prior to washing and resuspension with EDTA, the radioactivity was 

that seen in Figure 62 by the open circles. 

Several points concerning these experiments must be made. First, 

as can be seen in Figure 63 the mobility of the labelled band seen with 

32 
Y- P-ATP treatment of beef heart mitochondria corresponds to an 
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Figure 62. SDS electrophoresis of extractable labelled pyruvate dehy
drogenase. 

Beef heart mitochondria (8 mg) were treated as described in the legend 
to Table 6, except that the original treatment of both incubations con
sisted of Y- P-ATP only. After the first wash of the y- P-ATP-
treated solution, one incubation flask had CaC^ (250 yM), MgCl^ (5 mM) 
and Tris-phosphate (5 mM) (open circles), while the other had II mM 
EDTA (closed circles). The solutions were then handled as described in 
the Materials and Methods. 
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Figure 63. A comparison of the SDS electrophoresis of crystalline 
standard proteins with the radioactive peak of labelled 
pyruvate dehydrogenase activity. 

Experimental details are as described in the legend to Figure 62 
and the Materials and Methods. The standard proteins used were bo
vine serum albumin (68,000), catalyse (60,000), ovalbumin (43,000) 
and carbonic anhydrase (29,000). 
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apparent molecular weight of about 41,000. This is approximately the 

same size as the a-subunit of the pyruvate dehydrogenase described by 

Reed and his co-workers (12). Secondly, the size of the radioactivity 

bands seen on the SDS electrophoresis indicate that treatments that 

reverse the inhibition of mitochondrial pyruvate dehydrogenase activ

ity (i.e.,calcium, magnesium and phosphate) decrease the amount of 

the radioactivity observed. It should be pointed out also that the 

total amount of protein that was run on each of the gels shown in Fig

ure 62 was identical. The molecular weight of radioactive peak cor

responds to the molecular weight of the subunit which is phosphorylated 

and dephosphorylated during the proposed regulatory sequence, and the 

decrease in the amount of radioactivity corresponds to conditons which 

increase enzymatic activity. 

These data are therefore supportive evidence for the operation 

of the phosphorylation-dephosphorylation mechanism proposed by Linn et 

al. (21). These results in no way provide "proof" for the functioning 

of this proposed scheme as there were several aspects of these experi

ments that might be interpreted differently. It is possible for exam

ple, that the 41,000 molecular weight protein seen to contain the 

counts is not the a-subunit of pyruvate dehydrogenase. There might be 

several mitochondrial proteins which accept the y-phosphate from ATP„ 

and they might even release some of this phosphate in the presence of 

calcium, magnesium and phosphate. Therefore, these results are consis

tent with, but do not prove, the operation of phosphorylation-dephos-

phorylation regulation of the pyruvate dehydrogenase complex within the 

mitochondria. Since this reversible inactivation of pyruvate 



dehydrogenase activity remains through the extensive washing necessary 

to get to the bands seen in Figure 61, it is highly probable that a 

substantial modification of the enzyme complex occurs. 

The definitive experiment necessary to demonstrate that the 

pyruvate dehydrogenase multienzyme complex was undergoing reversible 

covalent modification, by phosphorylation of course, is to label the 

oo 
inactive complex with P and show that this labeled complex correr-

sponds to inactive enzyme complex. Numerous attempts were made using 

5 mM ATP with a trace amount of y-^P-ATP to cause the partially puri

fied and inhibited pyruvate dehydrogenase complex to become labeled 

OO 
with P. In all these attempts there was unquestionably the reversi

ble inhibition seen in Figure 61, but there was too little radioactivi

ty to warrant putting the protein peaks on the SDS electrophoretic gels. 



CHAPTER 4 

DISCUSSION 

The regulation of energy production in the mitochondrial frac

tion of the cell is an often studied, complex consideration. Prominent 

among the various mechanisms which have been proposed for the regulation 

of mitochondrial energy production are: a) a respiratory control, and 

b) small molecule effector regulation of individual enzymes in the cit

ric acid cycle. Respiratory control depends upon the coupling relation

ship which exists between all the primary dehydrogenase reactions of 

the mitochondrion and the processes of electron transport and oxidative 

phosphorylation, while the effector control of individual mitochondrial 

enzymes merely relates to specific activations or inhibitions of enzymes 

pertinent to the process of energy production by various small mole

cules . 

Small molecule effector mediated regulation of the entry of 

acetyl units from pyruvate into the citric acid cycle as a prelude to ' 

oxidative energy generation has been proposed to occur by a regulation 

of pyruvate dehydrogenase by acetyl-CoA or NADH [Garland and Randle, 

(13)] or citrate synthase by adenine nucleotides [Jangaard et al., 

(137); Shepherd and Garland, (138)] and by acyl-CoA derivatives [Wieland 

and Siess, (29); Smith and Williamson, (139)]. These suggested regula

tors of citrate synthase in most cases must be substantiated in intact 

164 
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metabolic systems [e.g., see Olson and Williamson, (140); Olson and 

Allgyer, (141)]. 

The importance of metal ions in enzymatic catalysis has been 

recently reviewed (55). That divalent ions may be important in the 

regulation of the activity of pyruvate dehydrogenase has been pointed 

out by Linn et al. (11). In addition, the work of Reed and his col

leagues (12, 21) and of Wieland (22, 29) has demonstrated that the regu

lation of pyruvate dehydrogenase from a variety of tissues may occur by 

a covalent modification of the enzyme complex, i.e., phosphorylation and 

inactivation by a specific protein kinase and dephosphorylation and re

activation by a specific phosphatase. 

Regulation of Pyruvate Dehydrogenase 
in Rabbit Heart Mitochondria 

Relatively little data is presently available regarding the oc

currence of the kinase-phosphatase regulation of pyruvate dehydrogenase 

in intact metabolic systems. In this regard, Wieland et al. (142) have 

postulated that the supply of long chain free fatty acids as well as 

ketone bodies may be responsible for an active-inactive transition of 

pyruvate dehydrogenase by an, as yet, unknown mechanism in perfused rat 

heart. Jungas (43), Weiss et al. (49) and Coore et al. (26) have re

ported substantial conversion of pyruvate dehydrogenase to the active 

form in adipose tissue upon administration of insulin. Thus far, 

studies performed using isolated pyruvate dehydrogenase, might suggest 

that the pyruvate to acetyl CoA conversion is inhibited under high en

ergy conditions, i.e., high ATP. In addition, the pyruvate dehydroge

nase reaction may be stimulated by the magnesium activated phosphatase 
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reaction. Also, since ATP is a potent chelator of magnesium (143), free 

intramitochondrial magnesium would be chelated upon elevation of the ATP 

level. The increase in ATP and subsequent decrease in free magnesium 

would have the effect of stimulating the kinase reaction and inhibiting 

the phosphatase reaction; and net effect would be a significant inacti-

vation of pyruvate dehydrogenase. In this consideration an elevated 

energy charge as defined by Atkinson (144) would also be characterized 

++ ++ 
by a decreased free Mg /bound Mg ratio. 

These studies were designed to demonstrate the presence of, and 

to assess the effectiveness of, an ATP-kinase mediated regulation of 

pyruvate oxidation in isolated mitochondria. That the ATP level of the 

mitochondrion per se does not influence the rate of pyruvate oxidation 

was demonstrated in Figures 1 and 2. However, using metabolic condi

tions leading to the release or mobilization of intramitochondrial mag

nesium, i.e., uncoupler plus ADP, nearly complete inhibition of pyruvate 

oxidation was effected (Figure 3). It was shown that both the mobiliza

tion or release of intramitochondrial magnesium and the presence of ATP 

were essential to effect the inhibition of pyruvate oxidation. 

The inhibition of the pyruvate dehydrogenase activity in this 

mitochondrial system can be prevented by adding magnesium chelators 

which presumably compete with the ATP for the free magnesium of the mi

tochondrion. • In the absence of free magnesium even though high levels 

of ATP are present, the kinase is inactive and pyruvate oxidation occurs 

unimpeded. The stimulatory effect of chelator addition on pyruvate oxi

dation can be overcome by adding excess magnesium to the mitochondrial 

system. Exogenous magnesium accentuated the inhibitory effects on 
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pyruvate oxidation only in the presence of both ADP and uncoupler. 

Added ATP gave much less inhibition than did the ATP produced presumably 

via the adenylate kinase reaction with the added ADP. That ADP was not 

the inhibitory species was shown by the fact that an inhibition of pyru

vate oxidation was not observed using ADP and exogenous magnesium.' The 

inhibitory effect of uncoupler plus ADP was shown to be atractyloside 

sensitive. The inhibition of pyruvate oxidation in these experiments 

using cardiac mitochondria was specific for the substrate pyruvate as 

neither the oxidation of a-ketoglutarate nor L(-)palmitylcarnitine was 

inhibited (see Figure 10) under conditions leading to a complete inhibi

tion of pyruvate oxidation. In addition, the inhibition of pyruvate 

oxidation in these experiments was shown not be due to feedback inhibi

tion of the pyruvate dehydrogenase by either NADH or acetyl-CoA as 

might be suggested by the work of Garland and Randle (13). 

That the availability of ATP was necessary, but not sufficient 

along for the regulation of the mitochondrial pyruvate oxidizing system 

is shown in Figure 6 and Table 2. High ATP levels and rapid rates of 

pyruvate oxidation persisted in coupled mitochondria (ADP), in ADP sup

plemented, uncoupled mitochondria in the presence of the magnesium che

lator L-asparagine and in ATP supplemented, uncoupled mitochondria. Low 

ATP levels with rapid pyruvate oxidation were observed with uncoupled 

mitochondria and with AMP supplemented, uncoupled mitochondria. Pyru

vate oxidation was inhibited only under conditions in which an elevated 

ATP level occurred and in which intramitochondrial magnesium had been 

released or "mobilized" by the combined action of the uncoupler and ADP. 

These conditions obtained in the case of ADP supplemented uncoupled 
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mitochondria accentuated the inhibition of pyruvate oxidation (e.g., 

see Figure 17) and the addition of exogenous magnesium to ADP supple

mented, uncoupled mitochondria in the presence of L-asparagine also 

caused severe inhibition of pyruvate oxidation. Soluble magnesium salts 

other than the chloride (e.g., acetate) gave a result identical to that 

described for magnesium chloride. Hence, it seems clear that the avail

ability of both ATP and magnesium was necessary for the inactivation of 

pyruvate oxidation in this isolated mitochondrial system. It may be 

appropriate to note that the addition of exogenous magnesiuc to coupled 

mitochondria (ADP), uncoupled mitochondria (FCCP) and ATP supplemented, 

uncoupled mitochondria did not result in an inhibition of pyruvate oxi

dation (experiments not shown). 

That L-asparagine was acting to prevent the inhibition of pyru

vate oxidation by chelating intramitochondrial magnesium was impolicated 

by the following observations: a) inhibition of pyruvate oxidation was 

reestablished in L-asparagine treated mitochondria by adding excess mag

nesium; b) L-aspartate a structural analog of L-asparagine with a much 

lower stability constant for magnesium was not effective in preventing 

the inhibition of pyruvate oxidation; c) D-asparagine and L-asparagine 

both had similar effects on the prevention of the inhibitory effect; 

d) L-asparagine was not metabolized in this system and, thus, apparently 

exerted its effect through some "non-metabolic" effect; and e) other 

amino acids such as glycine and glutamine which were not metabolized and 

3 4 
which have reasonably high (10 to 10 ) stability constants for their 

magnesium complex gave similar results to that obtained with asparagine. 
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The proposal that intramitochondrial magnesium was an Important 

component in the process of inactivation of the pyruvate oxidase complex 

was further supported by the experiment illustrated in Figure 18. Mag

nesium chelators such as o-phenanthroline and a,a-dipyridyl completely 

prevented the inhibition of pyruvate oxidation while their nonchelating 

structural analogs m-phenanthroline and y,y-dipyridyl had no effect on 

the pyruvate oxidase inhibition. When using any family of metal ion 

chelators, care must be taken that the compounds may be forming stable 

complexes with other metals than magnesium. In mitochondrial systems 

the other divalent metal ion which is of crucial importance in a variety 

of processes is calcium. The experiment shown in Figure 19 indicates 

that the addition of murexide, a compound which forms a stable complex 

with calcium and not magnesium, did not prevent the inhibition of pyru

vate oxidation. Again, this experiment implies that one of the compo

nents involved in this inhibitory system must be magnesium. 

If the ability of a compound to tie up magnesium or compete with 

the pyruvate dehydrogenase linked protein kinase for magnesium depends 

upon the stability constant of its magnesium complex, a linear relation

ship should obtain when the logarithm of the stability constant is 

plotted against the ability of the compound to prevent the inhibition of 

pyruvate oxidation. That this was the case for the series of compounds 

tested in this study may be seen in Figure 20. The the pyruvate oxida

tion rates were plotted against the stability constant of these com

pounds for either calcium or manganese, a linear relationship was not 

evident (data not shown). 
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The data presented suggest that the pyruvate dehydrogenase of 

isolated rabbit heart mitochondria exists in the active and presumably 

dephosphorylated form under most metabolic conditions. This may imply 

that the dehydrogenase phosphatase may be fully active while the kinase 

is relatively inactive under normal metabolic conditions. It is pro

posed that in the presence of elevated ATP levels and conditions which 

increase the availability of intramitochondrial magnesium, the kinase 

| j 
has access to its substrate, i.e., the ATP'Mg chelate, and an inacti-

vation of the pyruvate dehydrogenase occurs. In addition, under high 

ATP conditions, magnesium is chelated by ATP making it unavailable for 

the activation of the dehydrogenase phosphatase. Hence, it is proposed 

that the primary regulator of pyruvate dehydrogenase in this mitochon

drial system was the availability of the appropriate substrate for the 

dehydrogenase kinase. This proposal stands in contradiction to the sug

gestion of Wieland and Siess (29), that the natural form of the pyruvate 

dehydrogenase is the inactive, phosphorylated enzyme and that activation 

occurs upon making magnesium available to the dehydrogenase phosphatase. 

Magnesium availability to the mitochondrial system in the present 

studies seemed to accentuate the inactivation of the pyruvate oxidase 

function. 

It may be appropriate to comment on the fact that these studies 

suggest that the "normal" state of intramitochondrial magnesium is not 

the ATP-magnesium complex. It has generally been assumed that most of 

I the intramitochondrial magnesium occurs complexed to adenine nucleotides 

by virtue of the fact that intramitochondrial adenine nucleotide and 

magnesium levels are roughly equivalent. However, this notion has not 
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been substantiated by experimental evidence other than this equivalence 

of the concentrations. If intramitochondrial magnesium was normally 

chelated to ATP, pyruvate oxidation in this mitochondrial system would 

be inhibited. 

It should be stressed that the experiments discussed in this 

section are consistent with, but do not constitute absolute proof that 

the inhibition of mitochondrial pyruvate oxidation by ATP and magnesium 

occurs via a kinase mediated phosphorylation of the pyruvate dehydroge

nase multienzyme complex. 

The Regulation of Magnesium Movements in 
Beef Heart Submitochodrial Particles 

It is clear from the above discussion that the "binding" and 

"release" of mitochondrial magnesium can be an effective regulator of 

pyruvate dehydrogenase activity in rabbit heart mitochondria. There

fore, it seemed reasonable to approach the problem of assessing the fac

tors which regulate the intramitochondrial magnesium levels. 

An important consideration in the present study is the justifi

cation of the use of the fluorescent chelate probe, chlorotetracycline, 

as an accurate indicator of membrane-associated magnesium. Evidence 

was presented demonstrating that both the initial level of chlorotetra-

cycline-associated fluorescence and the changes in this fluorescence 

upon energization were consistent in both degree and direction to the 

change in the actual magnesium content of the submitochondrial parti- . 

cles. In addition, evidence was presented indicating that the observed 

changes in chlorotetracycline-associated fluorescence were distinct 

from energy-dependent changes in the "ANS-related" conformation of the 



mitochondrial membranes. Figure 23 indicated that the direction of the 

changes in chlorotetracycline fluorescence upon energization and subse

quent de-energization were opposite to the changes in fluorescence seen 

with ANS. That opposite changes in the polarity of the membrane may oc

cur around the binding sites for chlorotetracycline and for ANS, seems 

unlikely relative to the discussion of these effects by Radda and 

Vanderkooi (125) and Azzi and Santato (126). Therefore, it is probable 

that the two membrane probes measure independent variables. Again, it 

should be noted that the baseline fluorescence level and the energy-

dependent changes in fluorescence associated with chlorotetracycline 

correlated well with the magnesium content of the particles while the 

ANS associated fluorescence showed no such correlation (see Figure 26, 

panel B and Table 3). Further evidence indicating that chlorotetracy

cline is not a probe for membrane energization may be seen in the data 

presented in Figures 30 and 31. The addition of the chelator, o-

phenanthroline, caused a decrease in chlorotetracycline fluorescence 

which was nearly identical to the fluorescence change observed upon 

energization with substrate, yet Figure 31 demonstrates that o-phenan-

throline resulted in membrane de-energization as monitored by ANS fluo

rescence changes. Also, in an experiment using a KC1 containing medium, 

it was observed that EDTA caused a chlorotetracycline-associated fluo

rescence change identical to that observed upon energization with ATP. 

The ATP induced fluorescence change was oligomycin sensitive while the 

EDTA induced change was insensitive to oligomycin. It is unlikely that 

EDTA would cause an energized conformational change in the mitochondrial 

membranes under these conditions. 
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It is important to consider the question of whether chlorotetra

cycline treatment represents a significant perturbation of the magnesium 

association with the submitochondrial particle membranes. That the 

presence of chlorotetracycline was not necessary for the energy-

dependent release of magnesium from the membranes, was indicated by two 

lines of evidence. First, the experiments regarding the reversibility 

of the magnesium release shown in Figure 28 and the effects of substrate 

and antimycin addition on membrane magnesium content during a 30 minute 

incubation seen in Table 4 were performed both in the presence and ab-

sence of chlorotetracycline with nearly identical results. Secondly, it 

was shown in Figure 29 that chlorotetracycline was not retained or bound 

by the particles if the mitochondrial membranes were depleted of magne

sium by energization with succinate prior to the addition of the chelate 

probe. In addition, it was demonstrated in Figure 27 that chlorotetra

cycline was not retained by subimitochondrial particles which were pre

pared under conditions which depleted them of magnesium, e.g., 

ETP„-EDTA. These data clearly indicate that the processes of release 
ri 

and uptake of magnesium by the mitochondrial membranes were independent 

of the presence of chlorotetracycline. It is not apparent whether the 

state of intramembrane magnesium is altered upon introduction of the 

chelate probe into the membrane. 

The results are clearly indicative of two basic facts: 1) re

versible magnesium movement from beef heart submitochondrial particles 

occurs in an energy dependent fashion; and 2) chlorotetracycline is an 

effective monitor of those movements. Measurements with atomic absorp

tion spectrophotometry as well as with chlorotetracycline-associated 
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fluorescence agree at least qualitatively with the above conclusions. 

In total, the data indicate that chlorotetracycline is indeed a monitor 

of particle-associated magnesium movement. Whatever else may be influ

encing the fluorescence of chlorotetracycline (see the data of Figures 

34 and 35) is not clear. If the other factors contributing to the en

ergy dependent chlorotetracycline-associated fluorescence decrease (be

sides the magnesium release) were movements to lower quantum yield sites 

(before the actual release phenomenon) one could speculate as to the na

ture of these areas. However, no data which has been presented nor any 

literature in the field indicate that such speculation is valid. The 

only thing that can be said about such a site (if indeed a second site 

is the actual interpretation of the data) is that it causes chlorotetra

cycline fluorescence to decrease. 

Calcium and Magnesium Movements 
in Beef Heart Mitochondria 

Since the work with submitochondrial particles indicated that 

metabolic energy might play a role in control of magnesium movements 
\ 

within the mitochondria, it seemed logical to examine whole mitochondria 

using a similar approach. The submitochondrial particle preparation 

technique might have altered the membrane to such an extent as to make 

extrapolation from submitochondrial particles to intact mitochondria im

possible. It was thought essential to understand cation movements in 

the system most closely resembling the in vivo environment of the pyru

vate dehydrogenase complex, i.e., the intact mitochondrion. 

The data presented in Figures 36 and 38 indicate that upon ener

gization of the beef heart mitochondrial suspension with succinate in 



the absence of other permeant anions, an increase in chlorotetracycline-

associated fluorescence was observed. This fluorescence increase was 

interpreted as an uptake of exogenous divalent metal ions by the mem

brane. • Uncoupler addition prevented the fluorescence increase while ex

clusion of calcium or magnesium from the incubation medium diminished 

the fluorescence response by about 5 fold. The inclusion of a permeant 

anion in the incubation such as phosphate resulted in a diminished 

fluorescence increase upon energization. Actual measurement of magne

sium or calcium uptake under the three sets of conditions (see Figures 

37 and 39) indicated that maximal uptake of calcium or magnesium oc

curred in the presence of phosphate. Hence, it is concluded that al

though the energy-dependent uptake by, or the association of, divalent 

metals with the membrane occurred in the absence of the counter ion, 

phosphate, actual transport of the metal cations into the matrix of the 

mitochondrion occurred most effectively in the presence of phosphate, a 

permeant counter ion. 

The fact that the uptake of both calcium and magnesium by the 

membrane as monitored by the fluorescent chelate probe appeared quali

tatively similar does not imply that these two divalent metal ions oc

cupy the same binding site nor that they are translocated through the 

membrane by the same carrier system. The fluorescence data merely in

dicates that both metal cations may occupy areas of the membrane with 

similar accessibility to the probe. 

The reversibility of the divalent metal ion association with the 

mitochondrial membrane as monitored by the chelate probe is dramatized 

by the data shown in Figures 40 and 43. It was observed that once the 
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membranes had been allowed to take up the metal cations, additions such 

as uncoupler or the strong chelator, EDTA, caused the loss of magnesium 

or calcium from the membrane. Permeant anion addition resulted in an 

enhanced uptake of the metal ions. However, each of these additions re

sulted in a decrease in the chlorotetracycline-associated fluorescence 

of the mitochondrial suspension. 

An attempt to describe the apparent energized movements of the 

divalent metal ions in this mitochondrial system in terms of the high 

and low affinity binding sites for calcium described previously by other 

workers (80, 86) led to the experiment shown in Figure 45. The baseline 

chlorotetracycline-associated fluorescence level, which was presumably 

due to endogenous, membrane-associated, divalent metal ions interacting 

with the probe, is not affected by increasing concentrations of potas

sium ions. In addition, this baseline fluorescence level was not af

fected by either the addition of EDTA or exogenous divalent metal ions 

in the absence of an oxidizable substrate. However, the change in fluo

rescence which accompanies energization of the mitochondria in the pres

ence of exogenous magnesium or calcium was greatly diminished by 

increasing potassium concentration. The potassium ion insensitivity of 

the baseline fluorescence together with the fact that uncoupler addition 

to the mitochondria in the absence of substrate caused a gradual de

crease in the baseline fluorescence (data not presented) make it tempt

ing to equate the baseline chlorotetracycline fluorescence level to the 

divalent metal component of the membrane associated with the high affin

ity sites described by Reynafarje and Lehninger (86). Any relationship 
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between these data and the low affinity sites described by the above 

authors (86) is not apparent. 

It is also tempting to infer that the apparent uptake of diva

lent metal ions by the membrane as measured by the probe in these 

studies which was energy-dependent but which occurred in the absence of 

a permeant anion, is equivalent to the anion-independent uptake of cal

cium by rat liver mitochondria observed by Rossi and Lehninger (81). 

Also, O'Brien and Brierley (83) reported an anion-independent, 

respiration-dependent, uptake of magnesium by beef heart mitochondria 

which may represent the pool of magnesium which in these studies is as

sociated with the chelate probe, chlorotetracycline. Neither of the 

studies quoted above made an attempt to distinguish membrane-associated 

divalent metal ions from metal ions actually translocated across the 

membrane. 

The experiments described in Figures 46 and 47 indicate that 

even in the absence of exogenous divalent metals there may be reversible 

energy-dependent movement of divalent metal ions occurring within the 

mitochondrial membrane. Whether the changes in the fluorescence of 

chlorotetracycline represent an inter-membrane movement of metal ions 

between two compartments or whether there is an association of matrix 

divalent metal ions with the membrane making them accessible to the che

late probe cannot be determined. 

These data offer reasonable support for the existence of several 

phases of mitochondrial divalent cation translocation. It was origi

nally suggested by Chance (82) that there were several components to the 

process of mitochondrial calcium uptake. The only experimental support 
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for this proposal, however, has been from the work of Chappell et al. 

(92) using manganese transport as an analogy to calcium transport. The 

data presented in the present studies clearly indicate that both calcium 

and magnesium transport occur in at least three distinguishable phases: 

1) energy-independent binding to an area, probably the surface of the 

mitochondrial membrane, which is not available to chlorotetracycline; 

2) an energy-dependent movement of the divalent cations to a lipophilic 

area where chlorotetracycline fluorescence is enhanced; and 3) an anion-

dependent transport of calcium and magnesium to a site where chlorotet-

racycline-associated fluorescence decreases or to a site where the probe 

does not enter, presumably the matrix space. This is not to imply that 

calcium and magnesium are transported by the same pathway, but only to 

indicate that certain similarities exist with respect to both chloro-

tetracycline-associated fluorescence changes and actual metal ion mea

surement changes. 

The fact that energy-dependent divalent cation movements occur 

even in the absence of added calcium or magnesium has important impli

cations. One can now postulate metabolic control mechanisms in which 

energy might be used not only to maintain certain membrane conformations 

favorable to certain processes, but also to control the availability of 

various metal ions. Although this concept will be discussed later with 

regard to control of the pyruvate dehydrogenase complex, the potential 

regulatory significance of these findings on other systems cannot be 

overlooked. 

Interesting differences exist in the observed responses of mito

chondria and submitochondrial particles. It is clear that the effects 
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of potassium ions on the chlorotetracycline-associated fluorescence 

changes of the two systems is quite different. On the one hand, potas

sium ions seem to cause a "leaking" of the baseline fluorescence and 

the magnesium of submitochondrial particles (see Figure 25 and Table 4). 

With the intact mitochondrial, however, potassium only affected the ex

tent of the energy-dependent chlorotetracycline-associated fluorescence 

increase and had no effect on the baseline fluorescence (see Figure 45). 

This difference could easily be caused by a difference in the accessi

bility of the metal ion-binding sites to the potassium in the medium. 

It is consistent with the noted differences to propose that these metal 

ion binding sites (and consequently the probe binding sites) are near 

the matrix side of the inner mitochondrial membrane. Racker (131) and 

Van Dam and Meyer (145) have suggested that the submitochondrial parti

cle is merely an "inside out" inner mitochondrial membrane. If this is 

the case it is easy to envision a metal (probe) binding site that is 

near the outer surface in submitochondrial particles and is possibly 

slowly displaced by high potassium-ion concentrations. This site might 

then be buried deeper in the membrane in the intact mitochondria and 

would only be affected indirectly by potassium ions: as potassium ions 

inhibit the surface binding of either calcium or magnesium (the first 

"phase" of transport) there would be less filling of the chlorotetra-

cycline sites upon energization. The data presented does not prove 

this proposal, but is indeed consistent with it. 

Another difference between the responses of mitochondria and 

submitochondrial particles is illustrated in Figure 48. The directional 

difference in both the energized and de-energized 



180 

chlorotetracycline-associated fluorescence response of the two systems 

Is obvious. Recent reports such as that from Astel and Cooper (146) in

dicate that submitochondrial particles might not simple be inside-out 

inner membrane vesicles. However, with regard to the parameters mea

sured in the present studies the submitochondrial particles appeared to 

be inverted inner mitochondrial membranes. Metabolic energy apparently 

caused metal ion movements toward the matrix, while de-energization 

caused what appeared to be ion movement away from the matrix. These 

data are by no means proof for the, reversed polarity of the mitochon

drial membrane in the two preparations, but again, these data are most 

readily interpretable using such an explanation. 

One other difference between the response of the two systems to 

chlorotetracycline-associated fluorescence changes, was the sensitivity 

to phosphate ions. Although not shown, the additon of up to 5 mM Tris 

phosphate caused no change in the chlorotetracycline-associated fluores

cence of submitochondrial particles; the effects of phosphate on whole 

mitochondria were shown in Figures 36-43 and were subsequently dis

cussed. The differences could be due to the fact that metal movement 

out of submitochondrial particles is towards the large volume of the 

reaction medium, while the energized metal movement in intact mitochon

dria is towards the matrix. The phosphate might serve to eliminate the 

| | 
free Mg concentration gradient in the matrix, while a concentration 

gradient might not be a significant factor in the comparatively large 

volume of the submitochondrial particle reaction medium. Other expla

nations are of course available, but this suggestion is consistent with 

the postulates of others regarding calcium ion transport (78). 
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The Effect of Divalent Cation Movements 
on Pyruvate Dehydrogenase Activity 

The effect of various divalent metal cations and permeant an

ions on the activity of the pyruvate dehydrogenase complex of intact 

beef heart mitochondria was examined. The data shown in Figure 50 in

dicate that both calcium and magnesium affect the activity of the enzyme 

complex in a fashion consistent with an activation of the phosphatase 

associated with the pyruvate dehydrogenase. An activation of the phos

phatase by either calcium or magnesium would lead to a conversion of 

the pyruvate dehydrogenase to the active dephospho- form and is compa

tible with the data of Reed and his coworkers (4, 21) using the isolated 

enzyme complex. 

The data presented in Figure 51 indicate that permeant anions 

even in the absence of exogenous divalent cations caused a significant 

activation of the pyruvate dehydrogenase complex. Permeant anions have 

been shown to effect the movement (92) and transport (81) of divalent 

cations in mitochondrial systems. It is porposed that the permeant an

ion effect on pyruvate dehydrogenase in the present studies was due to 

their effect on the movement of endogenous divalent metal cations from 

within the membrane to a site in the mitochondrion where these metal 

cations may cause the activation of the pyruvate dehydrogenase-

associated phosphatase. 

When calcium or magnesium or both of these metal cations were 

added to the mitochondria in the presence of phosphate, (see Figures 52-

54) a considerable increase in the activation of the enzyme complex was 

observed. The degree of activation seen with the combination of metal 
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cations and permeant anions was substantially greater than that seen 

with either species alone. It is likely that the inclusion of permeant 

anions in the preincubation medium facilitated the transport of the di- • 

valent metal cations through the mitochondrial membrane to a site ac

cessible to the pyruvate dehydrogenase phosphatase. 

In a preceeding section it was demonstrated that mitochondrial 

energy generation in the absence of a permeant anion led to an uptake 

of either magnesium or calcium by a portion of the mitochondrial mem

brane which was associated with the fluorescent chelate probe chlorotet-

racycline. The addition of permeant anions to this system resulted in 

the transport of the divalent metal cations through the mitochondrial 

membrane to a space which was not accessible to chlorotetracycline and 

which was proposed to be the matrix space. 

Hence, it is proposed that the effect of mitochondrial energi

zation on the activity of pyruvate dehydrogenase was due to the movement 

of the calcium or magnesium to this chlorotetracycline-associated space 

of the membrane. The divalent metal is effectively sequestered and 

inaccessible to the pyruvate dehydrogenase phosphatase thus preventing 

the divalent metal-associated activation of the enzyme complex (see 

Figures 55-57). As shown in Figure 58, inclusion of phosphate iu this 

type of experiment reversed the effect of energization on the activation 

of pyruvate dehydrogenase presumably by allowing the movement of the 

divalent metal cations from the membrane space to the matrix space where 

these ionic species would have free access to the phosphatase. In fact, 

these studies indicate that some conditions which enhance the movement 
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of calcium or magnesium into the matrix space of the mitochondrion lead 

to the activation of pyruvate dehydrogenase. 

In all of the experiments which were designed to assess the 

effects of divalent metal cations on the activation of pyruvate dehydro

genase, care was taken to prevent the formation of ATP in the mitochon

drial incubations. This was done in an attempt to separate the 

phosphatase-mediated activation of pyruvate dehydrogenase from the 

kinase-mediated inactivation of the enzyme complex. Figure 59 demon

strates that the addition of ATP resulted in an inactivation of the 

pyruvate dehydrogenase. The inclusion of magnesium in the presence of 

ATP in the incubation caused a much more rapid and extensive inhibition 

of the enzyme complex. Energization of the mitochondria with TMPD 

(Figure 60) led to an even more extensive inhibition of the pyruvate 

dehydrogenase. Permeant anion addition had no effect upon the ATP plus 

magnesium inhibition of the enzyme in either energized or unenergized 

mitochondria. The failure of phosphate to enhance the inhibition in 

the presence of ATP and magnesium may be due to the possibility that ATP 

itself functions as a permeant anion which would allow the penetration 

of the divalent metal to the mitochondrial compartment in which the 

pyruvate dehydrogenase-associated protein kinase is located. An alter

native explanation for the effect of the energization on the apparent 

ATP plus magnesium-mediated inhibition of pyruvate dehydrogenase may be 

that the addition of metabolic energy to the system may allow much of 

the added magnesium to be sequestered by the membrane making it unavail

able to the pyruvate dehydrogenase-associated phosphatase. The very 

strong inhibition of pyruvate dehydrogenase seen in Figure 60 by ATP 
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plus magnesium in the presence of energy may be a result of a virtually 

total elimination of the activity of the phosphatase while the kinase 

associated with the enzyme complex has enough magnesium and ATP to 

phosphorylate and inactivate the complex. The different Km's for mag

nesium of the kinase (0.02 mM) and the phosphatase (2.0 mM) (3) are con

sistent with this suggested differential regulation. 

This section has indicated the importance of the movement of 

divalent metal ions through and within mitochondrial membranes in the 

regulation of the pyruvate dehydrogenase multienzyme complex. It is 

proposed that the mitochondrial membrane may serve as a reservoir for 

divalent metal cations whose availability to the regulatory enzymes in

volved in the pyruvate dehydrogenase activity may depend upon a complex 

set of variables among which are the energetic state of the mitochon

drial membrane, the anionic flux through the membrane and the ATP level 

of the matrix compartment. 

The data are consistent with the following explanation of the 

differential regulation of pyruvate dehydrogenase under low energy and 

high energy conditions in the mitochondrial compartment. First, under 

low energy conditions one might suggest that the divalent metal cations 

in the cell would have access to the mitochondrial matrix and would 

serve to activate the pyruvate dehydrogenase-associated phosphatase 

leading to an active pyruvate dehydrogenase. Furthermore, a low energy 

condition implies a low ATP, the substrate for the pyruvate dehydrogen

ase kinase. Hence, the phosphatase would be activated and the kinase 

relatively inactive, both of these effects leading to an active pyruvate 

dehydrogenase to increase the flux of carbon into the acetyl-CoA pools 
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for oxidation in the citric acid cycle to alleviate the energetic defi

cit. On the other hand, when the mitochondrion reverts to a high energy 

situation (implying an energized membrane and high intramitochondrial 

ATP levels) the divalent metal cations are retained within the mito

chondrial membrane and are not available for the activation of the 

dehydrogenase-associated phosphatase. High ATP and a residual amount of 

matrix magnesium, enough to serve as the substitute for the pyruvate 

dehydrogenase-associated kinase, would lead to the activation of the ki

nase and the subsequent inactivation of the pyruvate dehydrogenase com

plex. The effect of an inactive phosphatase and an active kinase would 

lead to a reduction of carbon flow into the citric acid cycle for fur

ther energy generation. 

The above model helps to understand several previously unex

plained findings. For example, Taylor et al. (46) observed that the 

effect of insulin on pyruvate dehydrogenase activity is enhanced in the 

presence of bicarbonate ions, and is enhanced even further with bicarbo

nate plus phosphate ions. It is possible that these two ions effect 

mitochondrial cation movement, or alter the sensitivity of this movement 

to some effect of insulin action. This possibility has never been ex

plored. These authors also demonstrated that addition of acetate and 

proprionate to fat tissues caused an activation of pyruvate dehydroge

nase activity. The results were explained by assuming that both short 

chain fatty acids were metabolized to long chain fatty acids in an ATP 

requiring process. Even though the level of intramitochondrial ATP was 

not assayed, the authors assumed that a decreased ATP level caused pyru

vate dehydrogenase activation. It is equally possible that the effect 
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of these short chain, permeable fatty acids is the same as that seen in 

Figure 51, i.e., a permeable anion alteration of intramitochondrial cat

ion location. Portenhauser and Wieland (147) report that liver mito

chondria incubated in the presence of an oxidizable substrate other 

than pyruvate show a decrease in the proportion of active pyruvate dehy

drogenase. The authors comment that this data is not understood. It is 

probable that these workers were seeing the same phenomena as seen in 

Figure 57, i.e., energized mitochondrial might not be susceptible to 

some forms of activation of pyruvate dehydrogenase. The diversity of 

the substrates these workers used make it unlikely that the effects were 

due to anything except the energization of the mitochondria. 

Evidence for Phosphorylation and 
Dephosphorylation of the 

Pyruvate Dehydrogenase Complex 

The control of the pyruvate dehydrogenase complex by a phosphor 

rylation-dephosphorylation mechanism within the mitochondria has not yet 

been demonstrated. The evidence presented in Table 6 and Figure 61 in<-

dicate that the inhibited complex is extractable and this inhibited 

activity is still apparent after considerable dilution. This effect is 

probably not due to differences in extractable enzyme levels because a-

ketoglutarate dehydrogenase is equally well extracted under all the ex

perimental conditions. Also the inhibited pyruvate dehydrogenase 

activity is activatable in the presence of calcium and magnesium. It 

is therefore clear that the inhibition of pyruvate dehydrogenase by ATP 

plus magnesium is due to either covalent modification of the complex or 

else the presence of a tightly bound inhibitory species. 
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When beef heart mitochondria were incubated in the presence of 

labelled ATP, there was phosphoryl transfer to what appears to be a 

41,000 molecular weight protein. As the a-subunit of pyruvate dehydro

genase has been shown to be about this molecular weight (12) it is 

32 
likely that the ATP is donating P to that subunit. The fact that this 

radioactive peak was greatly reduced in size by treatment of the mito

chondria with calcium, magnesium and phosphate lend support to the prop

osition that this peak is indeed the a-subunit of pyruvate 

dehydrogenase. These data are therefore consistent with the existence 

of the phosphorylation and dephosphorylation mediated control of pyru

vate dehydrogenase activity in intact beef heart mitochondria. 
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