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The mechanism by which mitochon- 
dria form adenosine triphosphate (ATP) 
(1) from adenosine diphosphate (ADP) 
and inorganic phosphate concomitant 
with t h e  oxidation of carbohydrates, 
fatty acids, and some amino acids has 
been the subject of much intense investi- 
gation. The chief difficulties which have 
limited the experimental approach have 
been the lability of the phosphorylating 
system and the lack of a convenient, di- 
rect, and rapid method for the study 
of the kinetics of the phosphorylation 
process. 

Some success instabilization of the phos- 
phorylating enzymes has been achieved 
by the use of ethylenediamine tetraacetic 
acid (EDTA) (2)  and serum albumin 
( 3 ) .  I t  has been suggested that the latter 
exerts its stabilizing effect by maintain- 
ing the structural integrity of the mito- 
chondria ( 4 ) .  Until very recently, the 
phosphorylation processes were believed 
to be to a large extent dependent on the 
high degree of morphological organiza- 
tion inherent in the mitochondria, and 
the disruption of this organization was 
paralleled by an uncoupling of phospho- 
rylation from electron-transfer processes. 
However. recent demonstrations of the 
occurrence of oxidative phosphorylation 
in extracts of bacteria (5) and of animal 
tissue mitochondria (6)  have given im- 
petus to the study of the enzyme com-
ponents of the system. 

A systematic study ( 7 )  of coupled 
phosphorylation has been initiated in 
this laboratory with the aims of ( i )  de- 
veloping a spectrophotometric assay for 
the direct and continuous measurement 
of phosphorylation, (ii)  investigating 
the factors responsible for the extreme 
lability of oxidative phosphorylation in 
intact mitochondria, and (iii) obtaining 
stable extracts of mitochondria c a ~ a b l e  
of carrying out oxidative phosphoryla-
tion. 

Spectrophotometric Assay 

Mouse liver mitochondria were pre-
pared in 0.25M sucrose containing 
0.005M ethylenediamine tetraacetic acid 
according to a modification of the 
method of Schneider (8) similar to that 
used by Kielley and Kielley ( 9 ) .  Pre-
liminary experiments demonstrated that 
these mitochondria1 preparations were 
virtually unable to oxidize either reduced 
tri~hosphopyridine nucleotide ( T P N H )  
or reduced diphosphopyridine nucleotide 
(DPNH) under the experimental condi- 
tions used in this study to measure oxida- 
tive phosphorylation. However, diphos- 
phopyridine nucleotide (DPN)  reduced 
inside the mitochondria by a diphospho- 
pyridine nucleotide-linked substrate, 
such as p-hydroxybutyrate, is readily oxi- 
dized (10) .  

During this process, up to 3 moles of 
adenosine tri~hosahate are formed from 
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adenosine diphosphate and inorganic 
phosphate per mole of reduced diphos- 
phopyridine nucleotide that is oxidized 
( I1) . Since the adenosine triphosphate 
formed is available for the phosphoryla- 
tion of glucose by externally added hexo- 
kinase, it was possible-by supplement-
ing the mitochondria with adenosine di- 
phosphate, inorganic phosphate, mag-
nesium ion (Mg++), 0-hydroxybutyrate, 
glucose, hexokinase, glucose-6-phosphate 
(G-6-P) dehydrogenase, and triphospho- 
pyridine nucleotide (TPN)-to follow 
the continuous formation of adenosine 
triphosphate in a Beckman spectropho- 
tometer, which was equipped with a 
photomultiplier tube, by measuring the 
reduction of triphosphopyridine nucleo- 
tide at  a wavelength of 340 millimicrons. 
The sequence of the reactions of the test 

p-hydroxybutyrate + 3 ADP f3 Pi t % 0 9  

system is shown at the bottorn of this 
page. 

This assay differs in principle from 
the ingenious methods described by 
Chance and Williams (12) in which oxi- 
dative phosphorylation is measured in-
directly by rates of respiration and which, 
in addition, require special apparatus. 

Since 6-hydroxybutyrate is oxidized to 
acetoacetate (AcAc), which is not fur- 
ther metabolized in liver mitochondria, it 
is possible to calculate P/O ratios from 
acetoacetate and inorganic phosphate 
measurements (13, 13a) .  The physical 
state, and hence the light-transmitting 
and -scattering properties of the mito- 
chondria, are affected by some of the 
constituents of the reaction mixture (14) .  
I t  is therefore essential that every experi- 
mental variation of the constituents be 
controlled by a check cell containing all 
ingredients except triphosphopyridine 
nucleotide. Each spectrophotometric 
reading is taken against this control cell 
in check position. In  the experimental 
values reported, a small correction has 
been applied for the action of mitochon- 
drial adenylic kinase on adenosine di- 
phosphate, which results in the formation 
bf adenosine triphosphate and the re-
duction of triphosphopyridine nucleotide 
in the absence of inorganic phosphate or 
in the presence of 2,4-dinitrophenol 
( D N P ) .  In order to diminish this cor-
rection factor, adenosine diphosphate 
was used at suboptimal concentration. 

In Table 1 (column 1 ). it mav be seen , , 
that the formation of reduced triphos-
phopyridine nucleotide is dependent on 
the presence of inorganic phosphate, 
adenosine diphosphate, hexokinase, and 
glucose-6-phosphate dehydrogenase, and 
partially dependent on 6-hydroxybutyrate 
and magnesium ion. Addition of diphos- 
phopyridine nucleotide had little or no 
effect. Ph~s~hory la t ion  is completely in- 
hibited by 5 x 10-5M 2,4-dinitrophenol. 
The pronounced dependency on p-hy-
droxybutyrate that is recorded in Table 
1 with aged preparations (column 2)  is 
not usually observed with fresh mito-
chondria (column 1) . 

Restoration of Phosphorylating 

Activity in Aged h,litochondria 

The addition of serum albumin to 
preparations of insect sarcosomes ( 3 )  or 
rat liver mitochondria (15)  has been 
shown to maintain the phosphorylation 

mitochondria 
+AcAct-3 A T P t 4 H 2 0  (1) 

hexokinase 
ATP + glucose ---+G-6-P + ADP t H+ 
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Table 1. Spectrophotometric assay of oxidative phosphorylation in fresh and aged liver 
mitochondria* (16 a ) .  

Addition 

None 

Bovine serum albumin (2000 pg) 

Bovine serum albumin ( 500 pg) 

t Diphosphopyridine nucleotide 

t 2,4-Dinitrophenol (5  X 10-'M) 

f 2,4-Dinitrophenol (2 x 10-'M) 

- 0-Hydroxybutyrate 
- Orthophosphate 
-Adenosine diphosphate 
-Hexokinase 

Change in optical density in 
10 min at 340 mp X lo3 

Fresh preparation Aged preparation 

1357 87.I 
1483 872 
1327 814 
1405 984$ 

3 5 o$ 
381 534% 
602 56$ 
228 91$ 
64 0$ 

2 o$ 
-Glucose-6-phosphate dehydrogenase 308 
- Magnesium ion (Mgi+) 992 

.-

" T h e  complete system (1.0 ml) contained the following: 0.1M tris(hydroxymethyl)aminomethane a t  p H  
7.4; 0.005M glucose; 1.4 x 10-GM adenosine diphosphate; 0.001M triphosphopyridine nucleotide; 3 x lV4M 
MgCl . 0.01M orthophosphate at p H  7.4; 0.012M DL-8-hydroxybutyrate; 50 units of hexokinase (17); and 
0.3 uii ts  of glucose-6-phosphate dehydrogenase (18).  The reaction was started by the addition of mito-

chondria obtained from 20 mg (wet wt.) of mouse liver in a mixture of 0.25M sucrose and 0.005M ethyl- 

enediamine tetraacetic acid (480 pg of protein in column 1, 409 yg of protein in column 2) to a micro-

cuvette with a 1-cm light path. The  optical density changes a t  340 m p  were recorded for 10 minutes against 

a control cell identical with the experimental cell except that triphosphopyridine nucleotide was omitted. 

Protein was determined according to Robinson and Hogden (19).  

t The  activity obtained with this preparation before aging was 1340. 

$ In  these experiments, 500 pg of bovine serum albumin were present in addition to the indicated protocol. 


Table 2. Correlation of spectrophotometric assay of phosphorylation with orthophosphate 
uptake and acetoacetate formation in an aged mitochondrial preparation." 

Additions 

None 
B-Hydroxybutyrate 
Bovine serum albumin 

Ortho- Aceto-

phosphate
( pmole ) 

phosphate
uptake 
( pmole) 

acetate 
formed 
( pmole) 

0.01 - 0.10 0 
0.07 - 0.02 0.43 
0.10 0.17 0 

0-Hydroxybutyrate +bovine serum albumin 0.56 0.62 0.36 

system, presumably by preserving the 
structural integrity of the mitochondria 
( 4 ) .  We have confirmed the protectivr 
action of serum albumin. Moreover, we 
have found that it is possible to restore 
phosphorylation activity, in preparations 
which were completely inactivated by 
aging at 4OC for several days, by the ad- 
dition of bovine serum albumin. The de- 
gree of restoration after 24 hours has 
varied from 50 to 100 percent in the dif- 
ferent mitochondrial preparations. In  
Table 1, column 2, it can be seen that 
after 24 hours of storage at 4OC, approxi- 
mately 65 percent of the original activity 
was restored upon the addition of 500 
micrograms of bovine serum albumin. 
After 48 hours, this particular prepara- 
tion was reactivated to approximately 40 
percent of its original activity by 500 
micrograms of bovine serum albumin. 
The response of fresh preparations to 
serum albumin has been variable. Some 
preparations show no effect, while others 
are stimulated some twofold. 

That effects of serum albumin as 
measured by the increases of absorption 
at 340 millimicrolls were in fact measure- 
ments of coupled phosphorylation and 
not unrelated optical changes is shown 
in Table 2. I t  can be seen that in the 
case of active phosphorylation there is 
reasonably good agreement between the 
spectrophotometric assay and determina- 
tions of inorganic phosphate disappear- 
ance. In  experiments of this type, where 
both spectrophotometric and chemical 
measurements are required, the reaction 
was run in 3-milliliter Beckman cells 
with only 10 percent of the usual con-
centration of phosphate (1  micromole 

dehydrogenase. T o  this test system was added 0.012M DL-,5'-hydroxybutyrate and 500 pg of bovine serum 
albumin, as indicated. The  reaction was started by the addition of aged (24 hours) mitochondria from 60 
mg of mouse liver in a mixture of 0.25M sucrose and - 0.005M Versene (1.44 mg protein) ; readings were 
recorded for 20 minutes. The  reaction was stopped by the addition of 0.3 ml of 50-percent perchloric acid. 
After centrifugation, aliquots of the supernatant were taken for orthophosphate analysis (20) and aceto- 
acetate determination (21).  

Table 3. Uncoupling of oxidative phosphorylation by mitochondrial factor and effect of 

" l 'lle co~nplvte r\,retll 3.0 1111 1111. follonit~q: G.l.\f tri, l ~ ~ d r o ~ ~ t ~ ~ i ~ t l ~ ~ l ~ a t ~ ~ i t ~ o t ~ ~ c t l ~ a t ~ i ~ro~ttai~livl 31 !,I1 
I U  -.\I adrt~o.it~r . .  . . * .  I I U Cleoti(lr: 3 u l r l  iJ17.4: 0.005.\1 < lucu~r :  1.4 . diol~o,ohatr: @.00l.\1 t r i o l ~ u , ~ ~ I ~ u ~ ~ \ r i d i t ~ e  per milliliter). The use of this smaller 

M&,; 0 . 0 0 1 ~  orthophosphate at p H  7.4: 150 units of hexokinase; and 0.9 units of g l ~ c o s e - 6 - ~ h o s ~ h a t e  amount of phosphate was necessary in 

bovine serum albumin." 

Additions 

None 
Bovine serum albumin 
Inhibitor 
Bovine serum albumin f inhibitor 

.-

Ortho- Aceto-
phosphate acetate 

Direct Indirect uptake formed 
( pmole) ( pmole) (pmole) ( pmole) 

0.38 0.35 
0.68 0.6 1 
0.09 0.06 
0.70 0.62 

" T h e  complete system (3.0 ml) was the same as that described in Table 2, including 0.012M DL-8-hydroxy- 
butyrate. T o  this system were added 1500 pg of bovine serum albumin and 0.3 ml of an aqueous suspension 
of mitochondrial factor (see text) as indicated. The  reaction was started by the addition of 0.03 ml of 
freshly prepared mitochondrial suspension containing 1.14 mg of protein; the reaction was followed for 20 
minutes. The  total change in optical density for the 20-minute period is recorded in Table 3 as the direct 
assay of glucose-6-phosphate. The  reaction was stopped by the addition of 0.3 ml of 50-percent perchloric 
acid to both the experimental and the check cells. After centrifugation, the supernatant solution of the 
check cell was neutralized with 10N KOH,  and an aliquot was assayed spectrophotometrically for glucose- 
6-phosphate with triphosphopyridine nucleotide and glucose-6-phosphate dehydrogenase (18). These balues 
are recorded as the indirect assay of glucose-6-phosphate in Table 3. The experimental cells in each case 
were used for the detelmination of orthophosphate and acetoacetate as described in Table 2. 

order to measure phosphate disappear- 
ance with some degree of accuracy, even 
though it diminished the rate of the reac- 
tion to about half. Since suboptimal con- 
centrations of inorganic phosphate and 
adenosine diphosphate were used, it is 
not surprising that low P/O ratios were 
obtained in some experiments. As can be 
seen from Table 2, serum albumin acti- 
vates the phosphorylation process with- 
out essentially affecting the oxidation of 
B-hydroxybutyrate to acetoacetate. Con- 
cerning the specificity of serum albumin 
in "recoupling" phosphorylation to oxi-
dation, several other proteins were 
tested. Gelatin, casein, insulin, and bo- 
vine y-globulin were inactive, while 
B-lactoglobulin on a molar basis has ap- 
proximately 20 percent of the activity 
of serum albumin. 

In  the light of these experiments, it 
appeared unlikely that serum albumin 
acted only by preserving the structural 
integrity of the mitochondria; hence, a 
search for another mechanism was made. 
A possible explanation for the serum al- 
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humin effect is that it combined with an 
uncoupler of oxidative phosphorylation 
which becomes manifest on aging of the 
mitochondria. 

Release of an Uncoupler 

M'hen mitochondria prepared in the 
usual manner were diluted in distilled 
water, a substance was released that, 
upon addition to fresh mitochondria, 
produced an inhibition of aerobic phos- 
phorylation. As in the case of aged prep- 
arations, the inhibition could be reversed 
by the addition of bovine serum albumin. 
The inhibitor was prepared as follows: 
freshly prepared mitochondria from 15 
grams of liver were diluted with 450 
milliliters of water (to give a final pro- 
tein concentration of 0.1 to 0.15 percent) 
and kept at room temperature for 1 hour. 
The extract was centrifuged at 18,000g 
for 20 minutes, and the residue was dis- 
carded. The inhibitory factor was con-
centrated either by lyophilization or by 
sedimentation at 144.000~ for 1 hour in * 	 " 
a Spinco preparative ultracentrifuge and 
then suspended in water. As shown in 
Table 3, the factor specifically inhibits 
phosphorylation without affecting the 
oxidation of fi-hydroxybutyrate and thus 
simulates the action of 2,4-dinitrophenol 
and other known uncouplers. The addi- 
tion of serum albumin to this s!.stem 
counteracts the effect of the inhibitor. 

During the course of this work, our 
attention was drawn to the studies of 
Polis and Shmukler. who reworted their 
findings at the meetings of the Amer- 
ican Chemical Society (16).  These au- 
thors have isolated from liver mitochon- 
dria an rlec trophoretically homoqcneou5 
hemr protrin nhich inhibits aerobic 
phosphorylation and which is counter-
acted by serum albumin. They suggest 
that this factor participates in the proc- 
ess of phosphorylation as an acceptor of 
energy-rich phosphate. 

In view of these results, it appears 
likely that the generally recognized la-
bility of aerobic phosphorylation in mito- 
chondria may be partly explained on the 
basis of the release of this inhibitor. 
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Evis Water Conditioner 
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a recent case before the Federal Trade 
Commission. I t  is in many ways parallel 
to that of the battery additive case [Sci-
ence 123, 1059 (15 June 1956) and page 
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O n  5 Feb. 1954, the Federal Trade 
Commission issued a complaint against 
the Evis Manufacturing Company of San 
Francisco, Calif. The company manufac- 
tures a product, the Evis Water Condi- 
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terns for the purpose of beneficially 
treating and conditioning water." 

The task for the Government in press- 
ing its charges of false advertising was 
made difficult by the fact that the re-
spondents averred that treatment with 
the "conditioner" did not affect the 
chemical or physical properties of the 
water in any detectable way but only the 
behnvior of the tuclte~. in use. 

Burden of Proof 

The company further claimed that 
both castings were processed by a secret 
method in such a way that they differ 
frorn ordinary cast iron and bronze. Met- 
allurgical and spectroscopic examination 
of the iron castings (the bronze castings 
were not examined) failed to show that 
they differed frorn ordinary cast iron, but 
the hearing examiner ruled the evidence 
inconclusive when a metallurgist ad-
mitted that certain minute areas in the 
etched surface could not be identified and 
the spectroscopist admitted that the pres- 
ence or absence of some 26 elements 


