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MITOCHONDRIAL RESPIRATORY CONTROL AND 

PHOSPHORYLATIVE ACTIVITIES IN A 

MAGNESIUM-FREE MEDIUM 

H E R R I C K  BALTSCH E F F S K Y "  

The Johnson Foundation/or Medical Physics, School o/Medicine, University o/Pennsylvania, 
Philadelphia, Pa. (U.S.A.) 

It has generally been found necessary to include magnesium in the reaction medium 
in order to obtain maximum P /0  values in mitochondrial oxidative phosphorylation. 
Employing the rapid polarographic platinum electrode technique of CHA~'CE AND 
WILLIAMS 1 for the assay of phosphorylative and respiratory activities, however, 
BALTSCHEFFSKY 2,a has shown, that maximum P/O values can be obtained for the 
mitochondrial oxidation of succinate and fl-hydroxybutyrate in a medium to which 
no divalent cations were added. It  has also been found that a temporary increase 
in the rate of respiration occurs some time after the mitochondria have been incubated 
in the Mg++-free *" medium at room temperature, and that this is correlated with 
a rapid change in the physical properties of the particles a. 

Additional studies and a more detailed account of the previous ones are presented 
in this paper, which is focused on the properties of mitochondria in a magnesium-free 
medium for oxidative phosphorylation and the role of magnesium in the functions 
of isolated mitochondria. The results of CHANCE 4 and data reported in the present 
paper indicate that magnesium is directly, and in that sense specifically involved in 
the respiratory control mechanism. 

MATERIAL AND METHODS 

.lIaterial: Livers were obtained from 150---200 g white  male rats  (Wistar  strain) or, when indicated, 
from 250--3oo g guinea pigs. The reagents employed in the reaction media were of analytical 
grade. ADP*** was obtained as the sodium salt from Sigma Chemical Co. The succinate and the 
a -ke toglu tara te  were recrystaIlized. 

Methods: In  the prepara t ion of mitochondria  the livers were removed as quickly as possible 
after decapitation of the animals, pu t  into o .25M sucrose (Merck reagent) at  o ° C  and then 
rapidly washed twice with additional cold sucrose. The method of LARDY AND WELLMAN 6 WaS 
modified to involve only one homogenization (in a ra ther  loose Pot ter-Elvehjem homogenizer 
using a Teflon pestle). Glass-distilled water  was used throughout .  All centrifugations were done 
in a Servall refrigerated centrifuge (two low-speed, three high-speed centrifugations).  The mito- 
chondria were taken up in a volume of sucrose equal to one fifth of the volume of the livers. 
This suspension usually contained between 25 and 5 ° mg protein per ml. 

Respiration and phosphoryla t ion were measured using the p la t inum electrode technique of 
(~HANCE AND WILLIAMS 1. The optical density measurements  at  51 o m#  were performed in a Beckman 
spect rophotometer  with a light pa th  through the mitochondrial  suspension of i cm. 

* Supported by grants  from "Ella  och Georg Ehrn roo ths  s t ipendiefond" and The Lalor 
Foundat ion.  

" *  We use the term "Mg-free" because it is reasonable to assume tha t  the amoun t  of magnesium 
present in the reagents is too small to be of any  influence in the exper iments  reported. For  
example,  the rapid decrease in optical density at  5Io  m p  (see below) is as rapid in the presence 
of I m M  Mg ++ as in the absence of added Mg ++. 

*** Abbreviat ions:  adenosine diphosphate  = ADP, adenosine t r iphosphate  ~ ATP, moles per 
liter ~ M, millimoles per liter = raM. 
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RESULTS 

The P;'O values for succinate and fl-hydroxybutyrate oxidation in rat liver mito- 
chondria were earlier reported to be the same in a magnesium-free as in a magnesium- 
containing medium 3. Table I gives the P/O values for the oxidation of various sub- 
strates in a medium, which prior to the substrate addition contains only 16 re.l/ 
phosphate buffer and lO5 mM KC1. Thus this medium, compared to medium I in 
ref. a, lacks not only Mg ~-~- but also F-. (These experiments were carried out with 
guinea pig liver mitochondria.) 

T A B I . I "  I 

e / O  VALUES FOR THE OXIDATION OF I)IFI:ERENT SUBSTRATES 

Substrate 1'.0 value Average 

Succinate  t .SS; 2 . i 5 ;  t . 8 5 : 2 . 1 5  z.o 
Glutamate  3 . I 5 ;  3 .25;  3 .3o;  3.~o 3.2 
f l - H y d r o x y b u t y r a t e  3.15;  3.1o 3. t 
~t-Ketoglutarate 3.50:  3 . 5 5 : 3 . 4  o 3.5 

The final concentrat ion of substrate  added w a s  io  In; l / .  T h e  m e d i u m  contained 16 m:ll phosphate  
buffer and io  5 m M  KCI. T h e  p H  w a s  7.4 

The P/O values obtained for succinate, glutamate and fl-hydroxybutyrate oxidation 
are very close to the accepted maximum ones, 2, 3 and 3 respectively. For a-keto- 
glutarate the accepted maximum is 4, whereas our average experimental value is 3.5. 

The measurements of the P/O values in the magnesium-free medium are, of 
course, to be carried out prior to tile "uncoupling event", which is defined in ref. 3. 
Fig. I shows a comparison between the rate of respiration of mitochondria supplied 
with IO mM fl-hydroxybutyrate in a magnesium-containing and a magnesium-free 
medium at 25 ° C. "File rate is constant in the Mg++-containing medium until it in- 
crea_~es several fold upon addition of phosphate acceptor. But in the Mg++-free 
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Fig .  , .  Rate of respiration in a magnes ium-  
conta in ing  (96 m M  KC1, 16 m M  phosphate  
buffer and 6 m M  MgCl~) a n d  a magnes ium-free  
( l o  S m M  KC1 a n d  16 m M  phosphate  buffer) 
medium.  The p H  was 7--' in both cases. I :  Mg 
present  ; I I : Mg absent .  Other  details  arc given 

in the text.  
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Fig.  2. Stabi l iz ing ettect of : \ T P  on mi to -  
c h o n d r i a  as measured from the optical  density 
change at 5 , 0  m/~. T h e  n l e d i u m  contained 
Io5  m M  KCI a n d  t6  m 3 f  phosphate  buffer. 
Ti le  p H  w a s  7.2. Molar i t ies  of .XTP: ® = o; 
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medium the rate starts to increase spontaneously after some minutes. I t  reaches about  
the same level as the rate in the presence of phosphate acceptor in the magnesium- 
containing medium, and then a decrease occurs. Addition of ADP at any point where 
the rate is not yet at the maximum immediately causes an increase to that  value. 
When the maximum is reached or passed, addition of ADP does not stimulate the 
respiration rate. These observations indicate that in the magnesium-free medium 
there is a spontaneous change from State 4 to State 3, as they are defined by CHANCE 
AND WILLIAMS e, and that the system responsible for the inhibited respiration is going 
out of function prior to the system for oxidative phosphorylation. This sequence of 
events is principally in agreement with two findings, by CHANCE AND WILLIAMS 7 that  
the degree of respiratory stimulation can be brought down several fold without any 
decrease in the P/O value, and by HOCH AND LIPMANN 8 that  the same P/O value 
can be obtained both when respiratory control is present and when it is missing. 

In the Mg++-free medium the "ATP-ase" effect is thus, directly or indirectly, 
due to nothing but lack of magnesium ions. Variation of the amount of magnesium 
added showed, both when the time for loss of respiratory control and for decrease 
in optical density at 51o m/z was used as indicator, that the critical concentration 
of added Mg ++ was around 3 mM. The protective action on mitochondria of added 
Mg ++ was first shown by RAAFLAL'I~ 9, and of added ATP by the work of R..XAFL:'~UB 9, lo 
and SLATER AND CLELAND 11. CHAPPELL AND PERRY TM have demonstrated that ATP 
can reverse the swelling of isolated skeletal muscle mitochondria. ERNSTER, LINDBERG 
AND L6W 13 have shown that  ATP can cause a reconstruction of the oxidative phos- 
phorylation system of damaged mitochondria and that  Mn ++ potentiates the effect, 
and BEYER, ERNSTER, L~)W AND BEYER 14 found that a reversal of the decrease in 
optical density at 51o m/~ occurs simultaneously with the reconstruction obtained 
by ATP ~ Mn++. In Fig. 2 it is shown, that  also in the Mg ++- and F--free medium 
for oxidative phosphorylation ATP, already showing some effect at 0.05 m2~l, with 
increasing concentration gives an increased stability to the system, as judged by 
measurement of the optical density at 51o m/z. Fig. 3 shows that  the rapid drop in 
optical density at 51o m/z can be reversed completely by addition of 0.75 mM ATP 
+ 7.5 m M  MgCI, (final concentrations), and only partially when the concentration 
of the added MgC12 is o.75 raM. Below the concentrations given for complete reversal 
only partial restoration was obtained. 

The restoration experiments were performed with guinea pig liver mitochondria. 
The uncoupling started after a period several times longer than with rat liver mito- 
chondria, which is seen by comparison with Fig. I. This is typical and shows that  
liver mitochondria from guinea pig are more stable in this medium than those from 
rat. A similar phenomenon is that a complete reversal of the optical density drop 
at 51o m~ never could be obtained with mitochondria from rats. About 7000 reversal 
was the usual value at the concentrations used. 

Variation of the pH showed, that the duration of the coupled state in the Mg ++- 
free medium increases with increasing pH (Fig. 4). This i.~ valid up to a pH of about 
8.2. Below pH 5.8 the system was less than half a minute in the coupled state and 
the rapidity of the uncoupling made measurements difficult. The rapid increase in 
the duration of the coupled state between pH 7 and 8 may  indicate, that a group 
with a pK of about 7.5 strongly influences the stability of a bond between Mg ++ 
and the mitochondrion. 
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Fig.  3" R e v e r s a l  of t h e  o p t i c a l  d e n s i t y  c h a n g e  
a t  51o m p ,  c a u s e d  b y  a d d i t i o n  of Mg ++ + A T P .  
T h e  m e d i u m  c o n t a i n e d  lo  5 m M  KCI a n d  iOmM 
p h o s p h a t e  buffer .  S u b s t r a t e  w a s  Io  m M  g l u t a -  
m a t e .  T h e  p H  w a s  7.2. T h e  a r r o w  i n d i c a t e s  t i m e  
for a d d i t i o n s .  A d d i t i o n s :  O ~ no  a d d i t i o n ;  
tl) = o.75 m M  MgCI 2 + o.75 m M  A T P ;  • = 
7.5 m M  MgCI~ + o.75 m M  A T P  (f inal  concen-  

t r a t i o n s ) .  
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Fig .  4. T i m e  for a p p e a r a n c e  of m a x i m u m  resp i -  
r a t i o n  r a t e  a t  d i f f e r en t  p l l  va lues .  E m p t y  
c i r c l e s :  t h e  m e d i u m  c o n t a i n e d  i o  5 m M  KCI a n d  
~6 m M  p h o s p h a t e  buffer .  T w o  m e a s u r e m e n t s  
a r o u n d  p t t  8 g a v e  m o r e  t h a n  ]8 a n d  m o r e  t h a n  
25 m i n u t e s .  Fu l l  c i r c l e s :  t h e  m e d i u m  c o n t a i n e d  
to5  m 3 /  K( 'I ,  i 6  m M  p h o s p h a t e  b u f f e r a n d  
15 m M  t r i s  buffer .  T h e  p H  w a s  c o n t r o l l e d  be fo re  

a n d  a f t e r  t h e  m e a s u r e m e n t s .  

When the phosphate concentration of the Mg+'--free medium was kept constant 
at 15 m3I at a pH of 7.6 and the KC1 concentration was varied, it was found that  
the time for the uncoupling event to appear (6 minutes for maximum respiration 
rate at 25 ° C) was the same from o.126 to o.294 osmolar KCI. At o.o84 osmolar KCl 
the time was 4 !'~ and at o.o42 osmolar KCI 3 minutes. 

When the KC1 concentration of the Mg++-free medium was kept constant at 
o21o osmolar at pH 7.6 and the phosphate concentration was varied, the time for 
uncoupling, measured as appearance of maximum rate of respiration, decreased with 
increasing phosphate concentration. The result is in agn-eement with earlier findings 
that  phosphate destroys isolated mitochondriaX'~-tL Table I I  shows tim values ob- 
tained. The duplicate experiments show the degree of e.xactness usually obtained 
with this method. 

"I'A BI~E I I  

I N F L U E N C E  O F  P H O S P H A T E  C O N C E N T R A T I O N  O N  T I M E  F O R  U N C O U t ) L I N G  

Phosphate concentration Time 

mM minutes s e c o n d s  

5 8 3 ° 
5 8 2o 

I O ( )  2 0  

Io  5 45 
I 0 4 oo 
16 4 20 
25 3 3 ° 
. 5 0  2 O O  

mSCUSSION 

The polarographic method described by CHANCE AN. WII.LU~MS ~ has been used in 
the present study of mitochondrial oxidative phosphorylation in a medium containing 
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only phosphate buffer and potassium chloride. Thanks to its rapidity and continuous 
recording the method has proved to be valuable when rapidly occurring changes have 
to be detected. Contrary to what previously has been found, it was possible to obtain 
maximum P/O values for the oxidation of a number of different substrates in spite 
of the fact that no magnesium, no other divalent cations and no magnesium-con- 
taining hexokinase was added to the medium. With rat liver mitochondria the 
measurements of the P/O values usually had to be performed within a few minutes 
after the particles had been transferred from o ° C to the reaction medium of 25 "~ C, 
i.e. before the uncoupling of the controlled respiration, caused by the lack of mag- 
nesium, occurred. This might explain the failure of previous workers to obtain 
maximum P/O values in a Mg++-free medium with the slower Warburg technique, 
although the ATP usually employed when this technique was used prolongs the 
duration of the coupled state several fold, at least under our conditions. 

There are, as is shown, striking changes in structure and function of the respiring 
mitochondria owing to the lack of magnesium in the medium. Variation of the ATP 
concentration, the concentration of inorganic phosphate and the pH greatly influences 
the stability of the particles. A simple and attractive explanation of these effects is 
the following. Magnesium is in some way bound to the structure of the "intact"  
mitochondrion in a bond, which at least in vitro is labile and critical for the state 
of the particle. The bond between magnesium and the mitochondrion breaks and 
the particle goes spontaneously from the "intact"  to the "aged" state, if the concen- 
tration of the ion in the adjacent liquid phase is too low to provide a new, similar 
bond according to the principle in the law of mass action. The stabilizing effect of 
ATP may indicate that it is involved in the binding of Mg +~- to the particle, while 
the nature of the action of inorganic phosphate is still completely obscure. ] 'he bond, 
which would be critical for retained structure and function may, however, not be 
a Mg++-ATP bond, since the critical pK deduced from our data is about two units 
higher than the pH-range found by MARTELL AND SCHWARZENBACH TM and NANNINGA 19 
for the greatest change in the "association constant" of the Mg++-ATP bond. 

The above interpretation is supported by some earlier results of SIEKEWITZ AND 
Poa-rER ~°. They found that the mitochondria contain (besides bound nucleotides) 
bound magnesium, which is released after some minutes of incubation in sucrose at 
3 °0 C. The rate of release was increased by inorganic phosphate, which is in agreement 
with our results and their interpretation. ERNSTER ANI) L6W 2~ have assumed that 
Mg ++ binds ATP to the structure of mitochondria on the basis of extensive experi- 
mental studies, and they have stated that bound Mg ++ might be responsible for 
linking the respiratory system with the primary energy carriers. The complex formed 
between Mg ++ and ATP in solution has been investigated by MARTELL AND SCHWAR- 
ZENBACH TM and by NANNINGA 19. SZENT-GY6RGYI ia has postulated the existence of a 
quadridentate and MARTELL A N D  SCHWARZENBACH TM a terdentate magnesium chelate 
of ATP. There are many indications pointing towards a connection between Mg ++ 
and ATP in the mitochondrial structure, and our data are in agreement with such 
a hypothesis. 

Our results provide a logical explanation to the Mg++-Ca ++ antagonism and the 
Mg++-thyroxine antagonism, as has already been briefly pointed out by CHANCE AI~D 
WILLIAMS ~3. The Mg++-Ca++ antagonism, shown by ERNSTER AND L~W ~l to influence 
the integrity of mitochondria and by CHANCE 4 to influence the respiratory control 
Re/erences p. 388. 
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and the s t eady  s ta te  of tile r esp i ra to ry  enzymes,  and  the Mg f +-thvroxint.  antagonisnl  
first de tec ted  by  B.~I.'q 24 and fur ther  inves t iga ted  by Mti)l~, P.\RK .\xl) IAPM.\N.X'-':', 
both  may  perhaps  depend  on compet i t ion.  In tile former case this would occur 
between Mg ++ and Ca ++ for a site in the mi tochondr ia l  s t ruc ture  or for ATP and 
in the l a t t e r  case between thyrox ine  and the mi tochondr ia  for Mg¢-.  

The pronounced  difference between the s tab i l i ty  of the liw~r mi toehondr ia ,  and 
thei r  r e sp i ra to ry  control  system,  from guinea pig and from rat  in the Mg4:-fre~ ~ 
med ium is poss ibly  due to the fact tha t  the guinea pig l iver is softer  and thus auto-  
ma t i ca l ly  causes a milder  t r ea tmen t  dur ing  the homogenizat ion.  If this is the case, 
then it seems tha t  also other  funct ions of isolated mi tochondr ia  would be be t te r  
preserved in mi tochondr ia  from guinea pig l iver than  from rat  liver. 

No repor t  has been found in the l i t e ra ture  about  a pH-effect s imilar  to ours, 
and  the pH for m a x i m u m  s tab i l i ty  of mi tochondr ia  has usual ly  been repor ted  to be 
below 7. The mi tochondr ia  of RA:\VLaUII" were repor ted  to be s table  at  p H  6.2 for 
more than  3o minutes  (2o ° C, isotonic mannose) but  very  lahile at pH 7.4- Wlrr].:t~ 
aND COTIOYE 2e found tha t  the s t ab i l i ty  of isolated mi tochondr ia  in sucrose decreased 
from pH 6.2 to pH 8.o. I t  is reasonable  to assume tha t  several  different factors can 
cause loss of mi tochondr ia l  in tegr i ty  and tha t  in our medium,  conta in ing  KC1 and 
phospha te  buffer but  no magnesium,  the prevai l ing condi t ions favour  the loosening 
of a bond between Mg +' and  the mi tochondr ion ,  which results  in our repor ted  pH-  
influence: increasing s tab i l i ty  from pH 5.8 to about  pH 8.2. 

I t  is in teres t ing  tha t  the small  par t ic les  which COOVER, l)v;Vl.h~ .\Yl~ LEHNIN(;I-R '~7 
haw~ separa ted  from digi tonin ex t rac t s  of mi tochondr ia  car ry  out  ox ida t ive  phos- 
phory la t ion  with m a x i m u m  P/O values wi thout  magnes ium in the medium,  and tha t  
the par t ic les  conta in  large amount s  of s t ruc tu ra l ly  bound  magnes ium 2s. Our  finding 
tha t  mi tochondr ia  do not  need magnes ium in the medium for m a x i m u m  P/O values 
e l iminates  the appa ren t  d iscrepancy,  repor ted  bv  ('OOPI'~R .\N D LEH g 1N(;I.;R 29, hetween 
mi tochondr ia  and par t ic les  from digi tonin  ex t rac t s  of mi toehondr ia  in this respect.  

The results  of CH:\xCV. t and  d a t a  repor ted  here indicate tha t  magnesium is 
specifically involved in the resp i ra to ry  control  mechanism.  Whe the r  it is a component  
of the ox ida t ive  phosphory la t ion  sys tem as well remains  an open question.  
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SUMMARY 

"Maximum" P/O values have been obtained in a magnesium-free medium for the mitochondrial 
oxidation of succinate,/~-hydroxybutyrate, glutamate and a-ketoglutarate. 

Lack of magnesium in the medium employed causes a loss of mitochondrial integrity and 
respiratory control. These phenomena are influenced by ATP, pH, inorganic phosphate and 
osmotic pressure. Favourable conditions for avoiding a rapid loss are : high concentration of ATP, 
a pH of about 8.o, low concentration of inorganic phosphate and isotonicity. In the medium used, 
isolated liver mitochondria from guinea pig are more stable than those from rat. 

It is assumed that magnesium is specifically involved in the respirator" control mechanism. 

Re]erences p. 388. 



388 H. BALTSCHEFFSKY VOL. 25  (I957) 

R E F E R E N C E S  

I B. CHANCE AND G. R. WILLIAMS, Nature, I75 (1955) 112o. 
2 H. BALTSCHEFFSKY, in O. H. GAEBLER, Enzymes: Units o] Biological Structure and Function, 

Academic Press Inc., New York, i956, p. 258. 
s H. BALTSGHEFFSKY, Biochim. Biophys. Acta, 2o (1956) 434- 
4 B. CHANCE, Proceedings 3rd Intern. Congr. Biochem., Brussels, 1955, p. 3 Do. 
5 H. A. LARDY AND H. WELLMAN, J. Biol. Chem., I95 (1952) 215. 
s B. CHANCE AND G. R. WILLIAMS, J. Biol. Chem., 2I 7 (1955) 409. 

B. CHANCE AND G. R. WILLIAMS, J. Biol. Chem., 217 (1955) 383 • 
• F. L. ]-IocH AND F. LIPMANN, Proc. Natl. Acad. Sci. U.S., 4 ° (1954) 909. 
9 j .  RAAFLAUB, Helv. Physiol. Pharmacol. Acta, l i (I953) I42. 

10 j .  RAAFLAUB, Helv. Physiol. Pharmacol. Acta, 11 (I953) 157. 
11 E. C. SLATER AND K. W. CLELAND, Biochem. J., 53 (I953) 557- 
12 j .  B. CHAPPELL AND S. V. PERRY, Nature, i73 (1954) lO94. 
13 L. ERNSTER, O. LINDBERG AND H. L6W, Nature, 175 (1955) 168. 
14 R. E. BEYER, L. ERNSTER, H. L6w AND T. BEYER, Exptl. Cell Research, 8 (I955) 586. 
15 K. W. CLELAND, Nature, 17o (1952) 497. 
is F. E. HUNTER, Jr .  AND L. FORD, J. Biol. Chem., 216 (1955) 357. 
17 R. F. WITTER, E. H. NEWCOMB, l~I. A. COTTONE AND E. STOTZ, Proc. Soc. Exptl. Biol. Med., 

87 (1954) 465 • 
18 A. E. MARTELL AND G. SCHWARZE.~BACn, Helv. Chim. Acta, 39 (I956) 653. 
ag L. NANmNGA, Federation Proc., 15 (1956) 319. 
~0 p. SIEKEWITZ AND V. R. PORTER, J. Biol. Chem., 215 (1955) 221. 
as L. ER.~STER AND H. LOW, Exptl. Cell Research, Suppl. 3 (I955) I33. 
2~ A .  SZENT-GY6RGY1, in O. H. GAE~LER, Enzymes: Units o] Biological Structure and Function, 

Academic Press Inc., New York, I956, p. 65. 
28 B. CHANCE AND G. R. WILLIAMS, Advances in Enzymol., i 7 (1956) 65. 
z4 j .  BAI:% J. Pharmacol. Exptl. Therap., IlO (1954) 2. 
2b S. H. MUDD, J. H. PARK AND F. LIPMANN, Proc. Natl. Acad. Sci. U.S., 41 (I955) 57 I. 

R. F. WITTER AND M. A. COTTONE, Biochim. Biophys. Acta, 22 (I956) 364 . 
27 C. COOPER, T. M. DRVLIN AND A. L. LEnNINGER, Biochim. Biophys. Acta, 18 (1955) I59- 

C. COOPER, personal communicat ion.  
z9 C. COOPER AND A. L. LEHNINGER, J. Biol. Chem., 219 (1956) 489. 

Received January 3rd, I957 

T H E  A B S O R P T I O N  OF AMINO ACIDS BY 

T W I N  LOOPS OF RAT I N T E S T I N E  

F. J.  R. H I R D  AND G. S. S I D H U  

Departments o[ Biochemistry and Agriculture, University o[ Melbourne (Australia) 

Three methods of studying the removal of amino acids by intestinal tissue have been 
compared in a previous paper (AGAR, HIRD AND SIDHU1). One of these methods 
- -uptake by numbers of small segments (o.5 cm)--has been studied in some detail. 
Using selected amino acids, L- and n-methionine, as inhibitors, it has been found that 
L- but not D-methionine inhibits the three processes, the uptake, transfer and absorp- 
tion of L-histidine. Further, the content of L-histidine in the tissue at the end of the 
experiment was found to be affected in the same way as the uptake, transfer and 
absorption. As experiments with uptake gave similar results to the other two methods 
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