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ABSTRACT: Dicyclohexylcarbodiimide (DCCD) is an 
inhibitor of oxidative phosphorylation. At concentra- 
tions around 2 mpmoles/mg of protein it inhibits the 
coupled respiration of intact mitochondria. Uncoupling 
agents relieve this inhibition of electron transport 
but arsenate has no effect. DCCD does not affect the 
substrate-linked phosphorylation associated with the 
oxidation of a-oxoglutarate. Three or four molecules 
of DCCD per electron transport chain are sufficient 
to inhibit the adenosine triphosphate (ATP) driven 
partial reactions of oxidative phosphorylation, the 

D icyclohexylcarbodiimide (DCCD)' (I) has been 
shown to inhibit the ADP-stimulated respiration of 
tightly coupled mitochondria when oxidizing the 
following substrates: succinate in the presence of 
rotenone, glutamate plus malate in the presence of 

malonate, and ascorbate in the presence of TMPD. 
DCCD also inhibits the ATP-driven partial reactions 
of oxidative phosphorylation catalyzed by submito- 
chondrial particles. Thus DCCD acts in a manner 
very similar to oligomycin. All these inhibitions are 
immediate at concentrations around 40 mpmoles of 
DCCD/mg of protein (Beechey et al., 1966). One 
site of action of DCCD has been localized in the CFo 
complex first isolated by Kagawa and Racker (1966; 
Roberton et al., 1966). Other experiments halie shown 
that in contrast to oligomycin (Kagawa and Racker, 
1966), the inhibitory effects of DCCD are not reversible 
and that [14C]DCCD binds to the mitochondria 
(Holloway et al., 1966). Thus DCCD shows some 
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N,N,N',N'-tetramethyl-~-phenylenediamine; TTFB, 4,5,6,7- 
tetrachloro-2-trifluoromethylbenzimidazole; As,, arsenate; 
ADP and ATP, adenosine di- and triphosphates; NAD+ and 
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adenosine triphosphatase, and Pi-ATP-exchange reac- 
tions in submitochondrial particles. At these concen- 
trations DCCD stimulates the aerobic energy-linked 
pyridine nucleotide transhydrogenase activity. The 
onset of inhibition varies with time, temperature, and 
pH of incubation of mitochondria or particles with 
DCCD. DCCD (0.2 mpmole/mg of protein) is 
enough to stimulate the ATP-driven partial reactions. 
DCCD is thought to react with an intermediate of oxi- 
dative phosphorylation at the level of a phosphorylated 
intermediate forming covalent bonds. 

promise as a potential label of one of the intermediates 
in oxidative phosphorylation. 

In this paper we present evidence which shows that 
low concentrations of DCCD (approximately 1 mpmole 
of DCCD/mg of protein) will inhibit both the synthesis 
of ATP in mitochondria and the ATP-driven partial 
reactions of oxidative phosphorylation catalyzed by 
submitochondrial particles, after preincubation of the 
mitochondrial preparation with the inhibitor. DCCD 
does not affect the substrate-linked synthesis of ATP 
associated with the oxidation of a-oxoglutarate. DCCD 
exerts its effects on oxidative phosphorylation by the 
carbodiimide moiety of the molecule reacting at the 
level of a phosphorylated intermediate. Some of these 
results have been reported briefly elsewhere (Roberton 
et al., 1966). 

Methods 

Preparation of Heart Mitochondria, Submitochondrial 
Particles, and EDTA Particles. Mitochondria were 
prepared from ox heart either by the method of Sanadi 
and Fluharty (1963) or by the Nagarse proteinase 
procedure described by Beinert in Umbreit ei al. 
(1964). The mitochondria were separated into light 
and heavy layer fractions. Rat heart mitochondria 
were prepared by the method of Chance and Hagihara 
(1 961). Submitochondrial particles were prepared 
by disintegration of heavy layer mitochondria by sonic 
oscillation, essentially as described by Hansen and 
Smith (1964). Unless otherwise stated the submito- 
chondrial particles were suspended in a medium 
containing 250 mM sucrose, 1 mM K-ATP, 1 mM 
potassium succinate, 5 mM magnesium chloride, and 
10 mM Tris-chloride (pH 7.6). EDTA particles were 
prepared by the method of Lee et a/., (1964) from 3867 
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heavy layer mitochondria which had been prepared 
the previous day by the method of Sanadi and Fluharty 
(1963) and stored overnight at 0". The particles were 
suspended in a solution containing 250 mM sucrose 
and 10 mM Tris-sulfate (pH 7.7). 

Assay of Protein. Protein was estimated colorimetri- 
cally by the biuret method of Gornall et al. (1949), 
after solubilization of the protein with 1.5% (w/v) 
potassium cholate. 

Assay of Respiration Rates. A Clark oxygen electrode 
was used to measure oxygen concentrations in an 
apparatus similar to that described by Chappell(l964). 
The temperature of the reaction medium was 25". 
Additions to the reaction vessel were made with micro- 
syringes. The pH of all the aqueous solutions was 
adjusted to 7.4 with potassium hydroxide. Following 
the method of Chappell (1964) the oxygen concentra- 
tion of the air-saturated reaction media was measured 
and found to be 237 p~ at 25", a result identical with 
that reported by Chappell. 

Assay oj' Adenosine Triphosphatase Actifiity. TWO 
methods were used. In the first, 3.2 pmoles of ATP 
was added to the reaction medium and hence the con- 
centration of ATP decreased during the reaction pe- 
riod. In the second an ATP-regenerating system 
maintained the ATP concentration at a constant level 
(Pullman et al., 1960). (1) Submitochondrial particles 
(0.1-0.2 mg of protein), suspended in 0.2 ml of a 
solution containing 250 mM sucrose, 1 mM K-ATP, 
1 mM potassium succinate, 5 m~ magnesium chloride, 
and 10 mM Tris-chloride (pH 7.4), were added to 
0.8 ml of a reaction mixture containing 200 mM sucrose, 
100 mM Tris-chloride (pH 7.4), and 4 mM ATP. The 
temperature was 30" and the reaction time 15 min. 
The reaction was stopped by the addition of 0.1 ml of 
40 % (w/v) trichloroacetic acid. After centrifuging, 
the P, content of the supernatant was assayed by the 
method of Sumner (1944). (2) A reaction mixture 
(0.95 ml) containing 50 mM Tris-chloride (pH 7.4), 
6 mM K-ATP, 3 mM magnesium chloride, 5 mM potas- 
sium phosphoenolpyruvate, and 100 pg of pyruvate 
kinase was equilibrated at 30" for 5 min, then 0.05 
ml of a suspension of submitochondrial particles 
(0.85-1 mg of protein) was added. After 15 min, the 
reaction was stopped by the addition of 0.1 ml of 40% 
(w/v) trichloroacetic acid. After centrifuging, the P, 
content of the supernatant was assayed. 

Assay of the Nonenergy-Linked Pyridine Nucleotide 
Transhydrogenase. This and the following procedures 
are based on the methods described by Danielson 
and Ernster (1963). The reaction mixture contained 
250 mM sucrose, 5 mM magnesium chloride, 50 mM 
Tris-chloride or Tris-sulfate buffer (pH KO), 0.66 p~ 
rotenone (recrystallized twice from ethanol), 400 p~ 
redistilled ethanol, 66 p~ NAD+, 300 pg of yeast 
alcohol dehydrogenase, and 1 mM potassium cyanide; 
temperature 30". Submitochondrial particles (0.5-1 
mg of protein) were added, followed after 1 min by 
NADP+ to a final concentration of 330 p ~ .  The final 
volume was 3 ml. Reduction of NADP+ was measured 
by the change in extinction at 340 mp using a Zeiss 3868 

PMQ I1 or a Unicam S.P. 800 spectrophotometer. 
Assay of the ATP-Driven Pyridine Nucleotide 

Transhydrogenase. The assay was the same as that used 
in the nonenergy-linked pyridine nucleotide trans- 
hydrogenase assay, except that ATP (final concentra- 
tion 1.33 m ~ )  was added 1 niin after the NADP+. 
The rates quoted here have been corrected for rates 
of the nonenergy-linked pyridine nucleotide trans- 
hydrogenase. This correction was never greater than 
15 of the ATP-driven pyridine nucleotide transhydro- 
genase. 

Assay of the Aerobic Energy-Linked Pyridine Nucleo- 
tide Transhydrogenase. The assay was the same as 
for tbe nonenergy-linked pyridine nucleotide trans- 
hydrogenase, except that cyanide was omitted and 
that potassium succinate (final concentration 1.33 mM) 
was added before the submitochondrial particles. 

Assay of the ATP-Driven Reduction of NAD+ by 
Succinate. This method is based on that described by 
Low and Vallin (1963). A reaction mixture containing 
250 mM sucrose, 6 mM magnesium chloride, 50 mM 
Tris-chloride (pH KO), 1 mM potassium cyanide, 1 
mM NAD+, and 5 mM potassium succinate was equili- 
brated at 30" for 3 min. Either submitochondrial parti- 
cles or EDTA particles (0.5-1 mg of protein) were added, 
followed by ATP to a final concentration of 2 mM. 
The final volume was 3 ml. The change in extinction 
at 340 mp was measured. 

Assay of the ATP-Driven Reduction of NAD+ by 
TMPD Plus Ascorbate. The method of Low et al. 
(1963) was used. 

Assay of Pi-ATP-Exchange Acticity. Carrier-free 
[32P]Pi was purified by the method of Conover et al. 
(1963). The following procedure for measuring [32P]Pi- 
ATP exchange is based on the method of Mr. J. Haslam 
(personal communication). A reaction mixture con- 
taining 250 mM sucrose, approximately 5 mM [32P]Pi 
(2-4 X 10; dpm/pmole), 1 mM ATP, 1.2 mM ADP, 
4 mM magnesium sulfate, and 50 mM Tris-sulfate (pH 
7.6) was equilibrated at 30". A 0.1-ml sample of sub- 
mitochondrial particles (0.1-0.2 mg of protein) was 
added to 0.9 ml of the reaction mixture. After 10 min 
the reaction was stopped by addition of 2 ml of a solu- 
tion containing 0.9 M perchloric acid and 0.6 M sodium 
sulfate. In the control incubation, the submitochondrial 
particles were added after addition of acid at 10 min. 
The acidified mixtures were cooled to 0" and the protein 
was removed by centrifuging. [S2P]Pi incorporation into 
adenine nucleotide was estimated as described below. 

The Separation of [ 32P]Adenine Nucleotides ,from 
[ 32P]Pi. The phosphomolybdate complexes of the 
adenine nucleotides and Pi were formed and then 
separated by solvent extraction. An ammonium 
molybdate solution (1.5 ml) (reagent B of Hagihara 
and Lardy, 1960) was added to 1.5 In1 of the acidified 
supernatant solution from the reaction assay. The 
mixture was allowed to stand at 4" for 10 min away 
from strong light. This solution was then extracted 
in the cold room five times with the phosphomolybdic 
acid extraction reagent described by Hagihara and 
Lardy (1960) using 1-hexanol as the organic solvent. 
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F t c u R t  1 : Inhibition by DCCD of the stimulation of mitochondrial respiration by ADP. Heavy beef heart mito- 
chondria were prepared by the proteinase method and suspended in 250 mM sucrose (500 mg of protein/6.6 ml). 
To three 6.6-ml aliquots of this mitochondrial suspension was added either 10 p1 of dimethylformamide or 5 or 10 p1 
of a 0.1 M DCCD solution in dimethylformamide. After mixing, the mitochondrial suspensions were stored at 0" 
for 24 hr. The respiration rates of the mitochondrial suspensions at 25" were then measured using an oxygen electrode; 
the traces above represent the output from the electrode. The mitochondrial suspensions (50 p1) were added to an 
aerated reaction mixture which contained 250 mM sucrose, 7.5 mM potassium phosphate (pH 7.4), 10 mM magnesium 
chloride, 2.5 mM potassium L-glutamate, 2.5 mM potassium L-malate, and 5 mM potassium malonate. The final volume 
was 4.16 ml. The numbers on the curves represent the respiration rates expressed as micromoles of oxygen per milli- 
gram of protein per hour at 25". The following additions were made as indicated: at M, mitochondria; at X, 25 pl of 
40 mM ADP; at Y ,  50 p1 of 40 mM ADP; and at Z ,  10 p1 of 10 mM 2,4,5-tribromoimidazole in ethanol, Trace A, control 
mitochondria; trace B, mitochondria treated with 1 mpmole of DCCD/mg of protein; trace C, mitochondria treated 
with 2 mpmoles of DCCD/mg of protein. 

Before the third and fourth extractions 4 pmoles of 
carrier P, was added to the aqueous phase. This aided 
the Pi extraction by dissociating ternary adenine 
nucleotide-phosphomolybdate complexes. An aliquot 
of the final aqueous phase was counted. 

The final ATP content of the acidified supernatant 
was assayed enzymically and the results were calculated 
as micromoles of Pi incorporated into adenine nucleo- 
tide per micromole of ATP measured at the end of the 
reaction. 

Meusurement of P:O Ratios. This was based on the 
method described by Pullman and Racker (1956). 
Oxygen consumption was measured with an oxygen 
electrode inserted into a Perspex cubiodal cell 2.92 cm 
high x 1.36 cm wide X 1.89 cm light path. This cell 
was inserted into the cuvet holder of a Zeiss PMQ I1 
spectrophotometer which had been fitted with a mag- 
netic stirrer to stir the contents of the cell. ATP syn- 
thesis was measured by following the changes in ex- 
tinction at 340 mp caused by the production of NADPH 
thus 

ATP + glucose ---f glucose 6-phosphate + ADP 
glucose 6-phosphate + NADP+ 

6-phosphogluconate + NADPH + H+ 

A stock reagent solution was prepared containing 
the following amounts in 1.6 ml: 50 pmoles of magne- 
sium sulfate, 100 pmoles of sodium phosphate (pH 
7.4), 10 mg of crystalline bovine plasma albumin, 
2 mg of crystalline hexokinase (Sigma type III), 200 
pmoles of glucose, 2 pmoles of NADP+, 50 pmoles 
of AMP, and 125 pmoles of sucrose. 

The following were added to the spectrophotometer 
oxygen electrode cell: 1.6 ml of stock reagent solution, 
5.7 ml of 250 mM sucrose, 0.1 ml of submitochondrial 
particles (2-3 mg of protein), and 5 p1 of glucose 6- 
phosphate dehydrogenase (5 pg of protein). After 0.5 
min, 10 pl of 40 mM ADP was added. Any small 
changes in extinction at this point are due to the adeny- 
late kinase activity of the submitochondrial particles; 
however, the presence of AMP in the reaction medium 
rendered these changes very small. Substrate was 
then added, either 0.1 ml of 0.1 M potassium succinate 
or 1 p1 of 20 mM NAD+ plus 20 p1 of ethanol and 5 pl 
of yeast alcohol dehydrogenase (150 pg of protein). 
P:O ratios were calculated from the ratio of the rate 
of NADPH formation to the rate of oxygen consump- 
tion, when both rates were linear. 

Assay of ADP:O Ratios. The method of Chance 
and Williams (1955) was used. 3869 
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FIGURE 2: Inhibition by DCCD of the stimulation of mitochondrial respiration by arsenate. Heavy beef heart mito- 
chondria were prepared by the proteinase method and suspended in 250 mM sucrose containing 10 mM Tris-sulfate 
(pH 7.6) (59.2 mg of protein/ml). To three 0.5-ml aliquots of this suspension were added 0, 1, and 2 mpmoles of 
DCCD/mg of protein dissolved in 3.0 p1 of ethanol. The mitochondria were stored at 0" for 24 hr. The respiration 
rates of the three preparations were then measured using an oxygen electrode; the traces above represent the output 
from the electrode, and the numbers represent respiration rates expressed as micromoles of oxygen per milligram of 
protein per hour at 25". The mitochondrial suspensions (50 p l )  were added to an aerated reaction mixture which con- 
tained 250 mM sucrose, 10 mM Tris-sulfate (pH 7.6), 2.5 mM potassium L-glutamate, 2.5 mM potassium L-malate, and 
5 mM potassium malonate. The final volume was 3.6 ml. The following additions were made as indicated: at M, 
mitochondria; at X, 40 p1 of 0.1 M sodium arsenate (pH 8); at Y ,  10 p1 of 40 mM ADP; and at Z, 10 pl of 10 p~ 
TTFB in ethanol. Trace A, control mitochondria; trace B, mitochondria treated with 1 mpmole of DCCD/mg of 
protein; trace C, mitochondria treated with 2 mpmoles of DCCD/mg of protein. 

FIGURE 3 : Substrate-linked phosphorylation in DCCD- 
treated rat heart mitochondria. The trace represents the 
output from an oxygen electrode. At A, rat heart mito- 
chondria (2.27 mg of protein) suspended in 75 p1 of 
250 mM sucrose containing 1 mM EDTA were added 
to 4 ml of an aerated reaction mixture containing 
240 mM sucrose, 10 mM potassium phosphate (pH 7.4), 
and 10 mM a-oxoglutarate. At B, 25 p1 of 40 mM K-ADP 
(1 pmole) was added. At C, 4 p1 of a 0.1 M DCCD solu- 
tion in dimethylformamide was added (176 mpmoles 
of DCCD/mg of protein). At D, 15 p1 of 10 mM 2,4- 
dinitrophenol was added. At E, 5 p1 of 40 mM K-ADP 
(0.2 pmole) was added. The numbers represent the 
respiration rate expressed in micromoles of oxygen per 
milligram of protein per hour at 2.5". 3870 

Materials 

DCCD was purchased from a number of British, 
European, and U. S. chemical suppliers. All the 
samples had similar activity in the enzyme systems 
studied. Routinely DCCD was dissolved in either 
dimethylformamide or ethanol to give a concentration 
of 10 mM. Aliquots of this solution were added to 
suspensions of mitochondria and submitochondrial 
particles to give the required final concentrations of 
DCCD. 

Oligomycin A was a gift of Professor E. E. van 
Tamelen. 

Rutainycin was a gift of the Lilly Research Labora-. 
tories. 

Results 

Effect of DCCD on the Coupled Respiration of 
Mitochondria. We have previously shown (Beechey 
et al., 1966) that DCCD will immediately inhibit ADP- 
stimulated mitochondrial respiration (state 3 of Chance 
and Williams, 1955) when added at concentrations 
around 40 mpmoles of DCCD/mg of protein. Subse- 
quent experiments have shown that the concentration 
of DCCD needed for inhibition is lower if the mito- 
chondria are preincubated with DCCD. This is illus- 
trated in Figure 1. DCCD dissolved in dimethylform- 
amide was added to suspensions of freshly prepared 
heavy beef heart mitochondria to give concentrations 
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FIGURE 4: Effect of preincubation of submitochondrial particles with DCCD on the rate of ATP-driven reduction 
of NAD+ by succinate. Aliquots of a 10 mM solution of DCCD in dimethylformamide were added to 1-ml samples 
of submitochondrial particles (3.56 mg of protein/ml) to give the following concentrations of DCCD: 2 mpmoles/mg 
of protein (o), 1 mpmole/mg of protein (A), 0.66 mpmole/mg of protein (a), 0.33 mpmole/mg of protein (o), and 
control to which dimethylformamide was added (0). After the addition of DCCD the samples were stored at 0" 
and aliquots were removed for assay at the times shown. 

of 1 and 2 mpmoles of DCCD/mg of protein; dimethyl- 
formamide was added to the control suspension of 
mitochondria. The respiration rates, the respiratory 
control ratios, and the ADP:O ratios of the control 
and DCCD-treated mitochondria were measured 
immediately after the addition of dimethylformamide 
or DCCD solution and 24 hr later. The substrate 
was an equimolar (2.5 mM) solution of L-glutamate 
and L-malate in the presence of 5 mM malonate. The 
addition of DCCD had no immediate effect on the 
respiration rates, respiratory control, and the ADP :O 
ratios. After incubation for 24 hr the behavior of the 
control mitochondria had changed little (Figure 1, 
curve A). However, whereas the respiration rate of the 
DCCD-treated mitochondria was unaffected in the 
absence of ADP (state 4 of Chance and Williams, 
1955), the ability of ADP to stimulate respiration was 
inhibited. DCCD at the level of 1 mpmole/mg of protein 
gave a partial inhibition, with a lowering of the ADP:O 
ratio (Figure 1, curve B). Two millimicromoles of 
DCCD per milligram of protein completely inhibited 
the ability of ADP to stimulate respiration (Figure 1, 
curve C). The addition of an uncoupling concentration 
of 2,4,5-tribromoimidazole (Beechey, 1966) gave an 
immediate stimulation of the respiration rate. The prior 
addition of ADP was not a prerequisite for the stimula- 
tion of the inhibited respiration rate by uncoupling 

agents. Dicoumarol, 2,4-dinitrophenol, and TTFB 
also relieved the DCCD inhibition of mitochondrial 
respiration. Similar results have been obtained on the 
inhibition of respiration by DCCD with succinate as 
the substrate. The inhibition of ADP-stimulated 
respiration was not reversed by bovine plasma albumin. 

Inhibition by DCCD of Arsenate- Uncoupled Respira- 
tion. The experiment illustrated in Figure 2 shows 
that the respiration rate of heavy beef heart mitochon- 
dria stimulated by arsenate, in the presence of ADP 
and the absence of Pi, is completely inhibited in mito- 
chondria which have been preincubated with either 1 
or 2 mpmoles of DCCD/mg of protein. The addition 
of an uncoupling amount of TTFB immediately 
stimulates the respiration to a rate which is greater 
than in the presence of arsenate and ADP. 

Substrate-Linked Phosphorylation in DCCD-Treated 
Mitochondria. Figure 3 illustrates the results of an 
experiment in which rat heart mitochondria were 
oxidiLing a-oxoglutarate in the presence of Pi. The 
first addition of ADP, at B, shows that the mitochon- 
dria have good respiratory control and that they phos- 
phorylate ADP with a high efficiency, ADP:O 3.04. 
A very high concentration of DCCD (176 mpmoles/mg 
of protein) added at C slightly stimulated the rate of 
respiration. The subsequent addition of an uncoupling 
concentration of 2,4-dinitrophenol, at D, had little 3871 
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FIGURE 5 :  Effect of temperature on the rate of onset of 
DCCD inhibition of the ATP-driven reduction of 
NAD+ by succinate. Aliquots of a 10 mM solution of 
DCCD in dimethylformamide were added to three 
samples of a suspension of submitochondrial particles 
(20 mg of protein/ml) giving a final concentration of 
0.7 mpmole of DCCD/mg of protein. Dimethylform- 
amide was added to three control samples of submito- 
chondrial particles. The DCCD-treated and control 
submitochondrial particles were then kept at 0" (o), 
10" (m), and 20" (A) and aliquots were removed at the 
time shown for the assay of ATP-linked reduction of 
NAD+ by succinate. 

effect on the respiration rate. This is to be contrasted 
with the effects of uncoupling agents on DCCD- 
inhibited respiration shown in Figures 1 and 2 where 
the respective substrates were glutamate plus malate, 
and succinate. A further addition of ADP, at E, gave 
a transient stimulation of the respiration rate, with an 
ADP:O of 0.74. In the presence of an uncoupling 
agent this respiratory control can only be ascribed to 
substrate-linked phosphorylation, associated with the 
oxidation of a-oxoglutarate. Thus, the latter process 
is not affected by DCCD. 

Time Course of DCCD Inhibition. Beechey et al. 
(1966) showed that DCCD will also inhibit the ATP- 
driven partial reactions of oxidative phosphorylation. 
Because of the simplicity of measuring the DCCD 
inhibition of these reactions as compared with the 
DCCD inhibition of ADP-stimulated respiration, the 
time course of DCCD inhibition of the ATP-driven 
NAD+ reduction by succinate reaction was examined. 
Figure 4 shows the results of an experiment in which 
submitochondrial particles were incubated at 0" for 
48 hr with 0 ,0 .33 ,0 .66 ,  1, and 2 mpmoles of DCCD/mg 
of protein. The ability of the submitochondrial particles 
to catalyze the ATP-driven reduction of NAD+ by 
succinate was measured at various times after the 
addition of DCCD. At all times there was a graded 
inhibition of this reaction; the greater the concentration 
of DCCD the greater the inhibition. 

Effect of Temperature on DCCD Inhibition. The 
rate of onset of the DCCD inhibition of the partial 
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FIGURE 6 :  Effect of pH on the rate of onset of DCCD 
inhibition of the ATP-driven reduction of NAD+ by 
succinate. The pH values at 0" of three samples of a 
suspension of submitochondrial particles were ad- 
justed with 0.1 M Tris to 7.3, 7.88, and 8.68 (the buffer 
anion of the suspension medium was sulfate). The final 
protein concentration was 25 mg/ml. To one-half of 
each sample was added 0.7 mpmole of DCCD/mg of 
protein (using a 10 mM DCCD solution in dimethyl- 
formamide). An equal volume of dimethylformamide 
was added to the control samples. The submitochondrial 
particle samples were stored at 0" and aliquots were 
removed for assay at the indicated times. (A) pH 7.30, 
(0) 7.88, and (m) 8.68. 

reactions of oxidative phosphorylation was influenced 
by the temperature a t  which the submitochondrial 
particles were preincubated with DCCD. The results 
presented in Figure 5 show that the rate of inhibition 
by DCCD of the ATP-driven reduction of NAD+ 
by succinate approximately doubles with every 10" 
rise in temperature. At 20" the inhibition did not in- 
crease quite linearly with time, the control preparation 
being slowly inactivated at this temperature. 

Effect of p H  on the Rate of Onset of DCCD Inhibition. 
We were unable to obtain quantitatively reproducible 
results in five experiments designed to study the effect 
of pH on the rate of onset of DCCD inhibition. How- 
ever, the effect of pH was always qualitatively similar. 
Figure 6 shows the best experiment. The pH's of three 
samples of a suspension of submitochondrial particles 
were adjusted to 7.3, 7.88, and 8.68. DCCD was added 
to half of each sample, giving a final concentration of 
0.7 mprnole/mg of protein. The three control samples 
of submitochondrial particles and the three samples 
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TABLE I: Effect of DCCD on the Synthesis of ATP, the ATP-Driven Reduction of NADf, and the ATP-Driven 
Pyridine Nucleotide Transhydrogenase Catalyzed by Submitochondrial particles: 

m~moles/min per mg of protein 

ATP-Driven ATP-Driven 
Reduction of Pyridine 

NADf by Nucleotide 
P : 0 Ratio DCCD Concn 

(mpmoles/mg of 
protein) Succinate Oxidn NADH Oxidn Succinate Transhydrogenase 

0 
0.5 
1 . o  
2 . 0  

0.19 
0.17 
0.09 
0.02 

0.50 
0.40 
0.20 
0.03 

80 
34 
2 
0 

130 
82 
19 
0 

0 Aliquots of a 10 mM DCCD solution in dimethylformamide were added to samples of a suspension of submito- 
chondrial particles (36.2 mg of protein/ml) to give final concentrations of 0.5, 1, and 2 mFmoles of DCCD/mg of 
protein. Dimethylformamide was added to the suspensions of control and the experimental submitochondrial particles 
to equalize the concentration of dimethylformamide at 7.25 pl/ml in all the samples of submitochondrial particles. 
The latter were incubated at 0" for 20 hr and then used for the enzymic assays shown. 

of DCCD-treated submitochondrial particles were 
incubated at 0". At intervals, aliquots were removed 
for the assay of the ATP-driven reduction of NAD+ 
by succinate activity. The results show that the rate of 
onset of the inhibition of this reaction by DCCD 
is increased approximately twofold by decreasing the 
pH of incubation with DCCD from 8.68 to 7.3. 

Effect of DCCD on the Synthesis of ATP and the 
ATP- Driuen Partial Reactions of Oxidative Phosphoryl- 
ation Catalyzed by Subinifochondrial Particles. The 
data in Table I summarize the results of an experiment 
in which submitochondrial particles were incubated 
for 20 hr at 0" with 0, 0.5, 1, and 2 mpmoles of DCCD/ 
mg of protein. The activities of the following enzyme 
systems were then assayed. 

ATP Synthesis Linked to the Oxidation of Either 
Succinate or NADH.  The efficiency of ATP synthesis 
(P:O ratio) during the oxidation of either succinate 
or NADH diminished almost to zero as the concentra- 
tion of DCCD was increased to 2 mpmoles of DCCD/ 
mg of protein. 

ATP-Driaen Reduction of NAD+ b y  Succinate. This 
system was the most sensitive assayed, almost complete 
inhibition being noted after preincubation of the 
submitochondrial particles with 1 mpmole of DCCD/ 
mg of protein. 

ATP- Dricen Pyridine Nucleotide Transhydrogenase. 
Complete inhibition of this reaction was noted after 
preincubation with 2 mpmoles of DCCD/mg of protein. 

ATP-Dricen Reduction of NAD+ by TMPD Plus 
Ascorbate. The results presented in Table I1 show 
that the preincubation of 1 mpmole of DCCDjmg 
of protein for 18 hr at 0" is sufficient to inhibit com- 
pletely the ATP-driven reduction of NAD+ by TMPD 
plus ascorbate. 

EfSect of DCCD on the Aerobic Energy-Linked Pyri- 
dine Nucleotide Transhydrogenase. After preincubation 
of submitochondrial particles and EDTA particles 

with 0.5-2 mpmoles of DCCD/mg of protein at 0" 
for 24 hr, the activity of the aerobic energy-linked 
pyridine nucleotide transhydrogenase driven by succi- 
nate oxidation was invariably higher in DCCD-treated 
particles than in the untreated particles (Table 111). 
The extent of activation varied considerably with 
different preparations of particles, the range of activa- 
tion varying from 10 to 150 %. 

Effect of DCCD on the Nonenergy-Linked Pyridine 
Nucleotide Transhydrogenase. It can be seen from the 

TABLE 11: Effect of DCCD on the ATP-Driven Reduction 
of NAD+ by TMPD Plus Asc0rbate.a 

DCCD Concn 
(mpmoles/mg of protein) 

0 
0 .2  
0.5 
0 .7  
1 . o  

ATP-Driven Reduction 
of NAD+ by TMPD + 

Ascorbate (mpmoles/ 
min per mg of protein) 

65 
45 
25 
11 
0 

a Aliquots of 10 mM DCCD dissolved in ethanol were 
added to 1-ml samples of submitochondrial particles 
(16.6 mg of protein/ml) to give final concentrations 
of 0.2, 0.5, 0.7, and 1 mKmole of DCCD/mg of protein. 
Ethanol was added to the suspensions of control and 
the experimental submitochondrial particles to equalize 
the concentration of ethanol at 5 Kl/ml in all samples. 
The submitochondrial particles were incubated for 
18 hr at 0" before assaying for ATP-driven reduction 
of NAD+ by TMPD plus ascorbate. 2Q72 
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TABLE 111: Effect of DCCD on the Aerobic Energy-Linked Transhydrogenase and the Nonenergy-Linked Transhydro- 
genase Activities of Submitochondrial Particles and EDTA Particles: 

_ _ _ _ _ _ _ ~  ____ _______. __ .- . - _ _  . 

rnpmoles/min per mg of protein 

Aerobic Energy-Linked Nonenergy-Linked 
DCCD concn (mpmoles/ Pyridine Nucleotide Pyridine Nucleotide 

Type of Particles mg of protein) Transhydrogenase Transhydrogenase 

SMP 

EDTA particles 

0 
0 . 5  
2 . 0  
0 
1 .0 

0 
0 .5  
1 . 0  
2 .0  

92 
99 

100 
86.5 

181 

69 
91 

108 
119 

18 
21 
18 
10 
10 

9 
11 
11 
10 

Various preparations of submitochondrial particles (SMP) and EDTA particles were preincubated with DCCD 
for 24 hr at O", as described in the legend to Table I, before assaying. 

data presented in Table I11 that the treatment with 
DCCD of either submitochondrial particles or EDTA 
particles has no effect on the nonenergy-linked transhy- 
drogenase activity. 

Effect of DCCD on the Adenosine Triphosphatase 
Actirity of Subivitnchondrinl Particles. The adenosine 

TABLE IV:  Effect of DCCD on the Adenosine Triphos- 
phatase Activity of Submitochondrial Particles: 

mprnoles of 
DCCD/mg 

ATPase Act. (mpmoles of Pi/min per 
mg of protein) 

Expt I Expt I1 

of protein -DNP +DNP - DNP 

0 88 120 108 
0 . 2  93 95 
0 . 4  57 21 
1 . o  28 22 
2 0  7 . 2  

-~ 

Q Submitochondrial particles suspended in 250 mM 
sucrose and 10 m Tris-chloride (pH 7.6) were pre- 
incubated at  0" for 24 hr with the indicated concen- 
trations of DCCD. In expt I, the adenosine triphos- 
phatase activity was assayed with a decreasing ATP 
level (method 1) in the presence and absence of 100 
PM 2,4-dinitrophenol (DNP). In expt I1 the adenosine 
triphosphatase activity was measured using an ATP- 
regenerating system (method 2). In expt I and 11, 
0.17 and 0.85 mg of protein of submitochondrial 
particles were used, respectively. 

triphosphatase activity of submitochondrial particles 
is inhibited by preincubation of the particles with 
DCCD. The data in Table IV show that the extent 
of the inhibition increases progressively with increasing 
DCCD concentration and that the enhanced adenosine 
triphosphatase activity caused by uncoupling agents, 
such as 2,4-dinitrophenol, is equally sensitive to DCCD. 

Effect of DCCD on PZATP-Exchange Activity of 
Submitochondrial Particles. The exchange of P, with 
the phosphate in the y position of ATP, under condi- 
tions in which no net phosphorylation can occur, is 
thought to be catalyzed by the two terminal reactions 
of the oxidative phosphorylation sequence (Wadkins 
and Lehninger, 1958). Table V lists the results of 
an experiment in which submitochondrial particles were 
preincubated with 2 mpmoles of DCCD/rng of protein. 
The P,-ATP-exchange activity was completely abol- 
ished. The control assays in which either antimycin A 
or cyanide was added show that the [32P]Pi incorpora- 
tion measured was not due to net ATP synthesis coupled 
to respiration. 

Stoichiometry of the Reaction of DCCD with Sub- 
mitochondrial Particles. Various concentrations of 
DCCD (0-1 mpmole/mg of protein) were added to 
aliquots of a suspension of submitochondrial particles 
and incubated for 18 hr at 0". The activities of the 
following partial reactions of oxidative phosphorylation 
were then assayed: the ATP-driven reduction of NAD+ 
by succinate, the ATP-driven reduction of NAD+ 
by TMPD plus ascorbate, and the ATP-driven pyridine 
nucleotide transhydrogenase. The results are illustrated 
in Figure 7. It can be seen that 0.8-0.9 mpmole of 
DCCD/rng of protein is sufficient to inhibit the ATP- 
driven reduction of NAD+ either by succinate or 
TMPD plus ascorbate. However a higher concentration 
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TABLE v : Effect of DCCD on the Pi-ATP-Exchange Activity of Submitochondrial Particles: 

PI-ATP-Exchange Act. (mpmoles/min per mg of protein) 

Control SMP DCCD-Treated SMP 
~~ 

mg of SMP Protein Added 0 .1  0 .2  0.1 0 . 2  

None 68.7 68.7 0 0 
2 pg of antimycin A 7 7 . 3  60.3 
1 mM KCN 55.9 57.0 

- 

Additions 

a A 10 mM DCCD solution (8 pl) in dimethylformamide was added to 1 ml of a suspension of submitochondrial 
particles (40 mg of protein) to give a concentration of 2 mpmoles of DCCD/mg of protein. Dimethylformamide (8 
pl )  was added to 1 ml of a control sample of submitochondrial particles. The submitochondrial particles were stored 
at  0" for 18 hr. The submitochondrial particles were then diluted to 2 mg of protein/ml with the suspension medium. 
Either 0.05- or 0.1-ml aliquots of the diluted submitochondrial particle suspension were then added to either 0.95 
or 0.9 ml of the reaction mixture (see Methods section), which contained 4.9 mpmoles of potassium, [32P]Pi (68,400 
cpm/pmole), and other additions as shown. The reaction was stopped after 10 min. 32P incorporation into adenine 
nucleotide and the ATP content of the reaction mixture were assayed. The ATP contents were unchanged in the 
reaction mixtures to which DCCD-treated submitochondrial particles had been added. In the control assays, the ATP 
contents were approximately 0.7 pmole. 

(1.1-1.2 mpmoles of DCCD/mg) of protein is required 
to inhibit the ATP-driven pyridine nucleotide trans- 
hydrogenase activity. 

Stimulution by DCCD and Oligomycin A qf the Ability 
of EDTA Particles to Catalyze the ATP-Dricen Partial 
Reacrions of Oxidatice Phosphorylation. Lee and Ern- 
ster (1966) have shown that concentrations of oligomy- 
cin, lower than those which inhibit the ATP-driven par- 
tial reactions catalyzed by submitochondrial particles, 
will stimulate the ability of EDTA particles to catalyze 
the ATP-driven reduction of NAD+ by succinate. Van 
Dam and Ter Welle (1966) have shown a similar 
stimulation by oligomycin of the ATP-driven pyridine 
nucleotide transhydrogenase in a Keilin and Hartree 
heart muscle preparation. The data illustrated in 
Figure 8 show that preincubation of EDTA particles 
with low concentrations of DCCD also results in a 
stimulation of the ATP-driven reduction of NAD+ 
by succinate. The stimulation is maximal at  0.2 mpmole 
of DCCD/mg of protein. At higher DCCD concentra- 
tions the reaction is inhibited. It can be seen that maxi- 
mum stimulation by oligomycin A is achieved at con- 
centrations very similar to the optimum DCCD con- 
centration. While the optimum concentrations for 
both DCCD and oligomycin A varied with different 
preparations of EDTA particles, oligomycin A invar- 
iably gave a two- to fourfold better stimulation than 
DCCD of either the ATP-driven reduction of NAD+ 
by succinate or of the ATP-driven pyridine nucleotide 
transhydrogenase. 

Discussion 

The results presented here show that DCCD is a 
potent and specific inhibitor of one of the intermediate 

reactions leading to the synthesis of ATP, concomitant 
with the flow of electrons along the mitochondrial 
electron-transport system. 

The potency of DCCD as an inhibitor of oxidative 
phosphorylation is illustrated in most of the experi- 
ments presented here. The preincubation of mitochon- 
dria or submitochondrial particles with 2 (or less) 
mpmoles of DCCD/mg of protein has a permanent 
effect on the reactions studied. Thus the following 
enzyme systems are inhibited: the stimulation of 
respiration in tightly coupled mitochondria by ADP 
(Figure 1) or by arsenate (Figure 2), the synthesis of 
ATP by submitochondrial particles (Table I), the ATP- 
driven reduction of NAD+ either by succinate (Table I, 
Figure 7) or TMPD plus ascorbate (Table 11, Figure 7), 
the ATP-driven energy-linked pyridine nucleotide 
transhydrogenase (Table I, Figure 7), the inherent 
and dinitrophenol-stimulated adenosine triphosphatase 
activities (Table IV), and the Pi-ATP-exchange activity 
(Table V). In contrast the aerobic energy-linked pyridine 
nucleotide transhydrogenase activity of submitochon- 
drial particles is stimulated by these concentrations 
of DCCD (Table 111). 

The results illustrated in Figure 7 are a more precise 
measure of the inhibitory concentrations of DCCD. 
Eight-tenths to nine-tenths millimicromole of DCCD 
per milligram of protein is sufficient to inhibit the 
ATP-driven reduction of NAD+ either by succinate 
or by TMPD plus ascorbate. The ATP-driven pyridine 
nucleotide transhydrogenase requires 1.1-1.2 mpmoles 
of DCCD/mg of protein for complete inhibition. The 
concentration of cytochrome c, in submitochondrial 
particles is 0.27 mpmoles/mg of protein (Blair et al., 
1963). Thus three or four molecules of DCCD per unit 
of electron-transport chain will inhibit completely 3875 

D I C Y C L O H F X Y L C A R n O D I T M T D E  A N D  O X I D A T I V E  P H O S P H O R Y L A T I O N  



B I O C H E M I S T R Y  

0 0.1 0.2 0.3 0.4 0.5 0 6  0.7 0.8 0.9 1.0 1.1 1.2 

D C C D  CONCENTRATION (mpmoles/mg of protein) 

FIGURE 7 : Titration of submitochondrial particles with 
DCCD. Submitochondrial particles were suspended in 
a solution containing 250 mM sucrose, 4 mM mag- 
nesium sulfate, 1 mM K-ATP, and 10 mM Tris-sulfate 
(pH 7.4). The final protein concentration was 16.6 
mg/ml. Aliquots of ethanolic solutions of DCCD were 
added to  samples of the suspension to give the indi- 
cated concentrations of DCCD. The final ethanol con- 
centration in all cases was 5 pl/ml of submitochondrial 
particle suspension. The submitochondrial particles 
were incubated for 18 hr a t  0". The ATP-driven re- 
duction of NAD+ by succinate (A), ATP-driven re- 
duction of NAD+ by TMPD plus ascorbate (.), and 
the ATP-driven pyridine nucleotide transhydrogenase 
(0) activities were then assayed. 

these ATP-utilizing systems. Hence, on a concentration 
basis DCCD acts in a very specific manner, probably 
a t  the same site in each of the phosphorylating chains. 
We have shown previously that DCCD inhibits the 
synthesis of ATP a t  the three known sites associated 
with the electron-transport chain (Beechey et cil., 
1966). 

The DCCD-sensitive site must lie in the phosphorylat- 
ing systems associated with the electron-transport 
chain for the following reasons. All of the reactions 
listed above which are inhibited by DCCD involve 
the synthesis or utilization of ATP, but three of them 
do not involve the participation of the electron-trans- 
port chain : these are the reaction systems responsible 
for ATP-P, exchange, adenosine triphosphatase ac- 
tivity, and the ATP-driven pyridine nucleotide trans- 
hydrogenase activity. The treatment of mitochondria 
with DCCD only results in the inhibition of electron 
transport when there is a functional association be- 
tween electron transport and the synthesis of ATP, 
i.e., in coupled mitochondria. The dissociation of 
phosphorylation from electron transport, by the addi- 
tion of an uncoupling agent to a DCCD-inhibited 
mitochondrial preparation, results in a rapid rate of 3876 

0 0.2 0.4 0.6 0.8 1.0 

INHIBITOR CONCENTRATION (mpmoles/mg pro te in )  

FIGURE 8: Effect of low concentrations of DCCD and 
oligomycin on the ATP-driven reduction of NAD+ by 
succinate in EDTA particles; 1-ml samples of EDTA 
particles were treated with the indicated concentrations 
of DCCD (dissolved in 2 pl of dimethylformamide) 
and stored at 0" for 18 hr before assay. Oligomycin A 
dissolved in 7.5 pl of ethanol was added to the assay 
system immediately prior to  the addition of EDTA 
particles. ATP was added 3 min later. The assay was as 
described in the Methods section save that the concen- 
tration of magnesium was 2 mM. (0) DCCD-treated 
EDTA-particles; (H) oligomycin A treated EDTA 
particles. 

respiration which is faster than the rate of ADP- 
stimulated respiration in a control experiment (see 
Figure 1). Also, the electron-transport chain in such 
uncoupled DCCD-treated mitochondria is capable of 
organized action, as is shown in Figure 3 where the 
respiration rate is still controlled by the availability of 
ADP when a-oxoglutarate is the sole substrate. Thus, 
DCCD has no direct inhibitory action on the electron- 
transport chain. 

X-I is a hypothetical intermediate in the phos- 
phorylating chains, which is envisaged as supplying 
energy for the pyridine nucleotide transhydrogenase 
activity (Danielson and Ernster, 1963) (Scheme I). 
The DCCD-sensitive site must lie on the ATP side of 
X-I because DCCD treatment of submitochondrial 
particles does not result in an inhibition of the aerobic 
energy-linked pyridine nucleotide transhydrogenase; 
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SCHEME I: Relationship of Postulated Site of Action of DCCD to the Electron-Transport System Chain and 
Energy-Utilizing Systems. 
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it is in fact stimulated (Table 111) by DCCD concentra- 
tions which inhibit the ATP-driven partial reactions. 
A DCCD-sensitive site at one of the reactions between 
X-I and ATP would account for the inhibition of the 
ATP-Pi exchange and the adenosine triphosphatase 
activities. Both these reactions are mediated by enzyme 
systems located in the (X-I)-ATP region of the 
phosphorylating chain. Also, such a site of action would 
account for the inhibition of ATP synthesis and the 
ATP-utilizing systems. These conclusions regarding the 
site of action of DCCD are summarized in Scheme I. 

The effects of DCCD reported here can be achieved 
either by inhibiting reaction 1 or by inhibiting reaction 
2 of Scheme I. In either of these inhibitory mechanisms 
DCCD must not modify X in such a manner as to 
prevent X from reacting with I to form X-I. 

Inhibition of Reaction 1. If X is a compound which 
has a P, binding site, or if X is a functional group 
on a molecule where I and the P, binding site are func- 
tional groups adjacent to X, then the following modes 
of action for DCCD are possible. (i) DCCD can react 
at and modify chemically the P, binding site, thus 
preventing the interaction of P, with X-I. (ii) DCCD 
can react at some site distant from the P, binding site 
and yet inhibit P, binding by an allosteric mechanism. 
(iii) DCCD can combine in such a manner that either 
P, binding is sterically hindered or bound P, is sterically 
hindered from reacting with X-I. 

Inhibition of Reaction 2. Here DCCD could inhibit 
by modifying one of the sites, either on X or the 
compound containing X as a functional group, which 
is involved in the reaction of X-P (X-As) with 
activated ADP. Pullman et al. (1960) have shown 
that F1 will bind ADP; hence F1 may be considered 

as the ADP activator in ATP synthesis. Reaction 2 
may therefore be written 

ADP(F1) + X-P e ATP + F1 + X 

Since CFo (the factor conferring oligomycin sensi- 
tivity on F1 adenosine triphosphatase activity) combines 
with F1 (Kagawa and Racker, 1966), the assumption 
is tentatively made that CFo contains X. Since it has 
been shown that CFo is modified by DCCD, then 
DCCD may act in either of two ways: (1) by preventing 
ADP(F1) from combining with X, or ( 2 )  by preventing 
ADP(F1) from reacting with the P, binding site on X. 
Roberton et a/. (1966) have shown that F1 combines 
with CFo treated with DCCD. This suggests that the 
first inhibitory mechanism is unlikely. However, if 
the binding between CFo and Fl involves more than 
one site, it is possible that modification of a single 
binding site is insufficient to prevent the binding of F1 
by CFo but adequate to prevent the interaction of X- 
P and activated ADP. This site of action is favored by 
Lardyetal. (1964). 

In DCCD-inhibited submitochondrial particles the 
potential energy available in X-I (generated by the 
oxidation of succinate) can be used to drive the pyri- 
dine nucleotide transhydrogenase reaction. If DCCD 
can prevent the free energy of X-I from being dis- 
sipated by other wasteful hydrolytic reactions, then 
the fact that the aerobic energy-linked pyridine nucleo- 
tide transhydrogenase reaction is faster in DCCD- 
treated submitochondrial particles than in the control 
submitochondrial particles may be accounted for. 

The stimulation by very low concentrations of DCCD 3877 
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of the ATP-driven partial reactions (see Figure 8) 
catalyzed by EDTA particles is most easily explained 
by assuming that DCCD preferentially prevents access 
of water to either reaction 1 or reaction 2. This will 
inhibit the hydrolysis of either X-I or X-P, thus 
stimulating the ATP-driven partial reactions. The 
precise mechanism of this action of DCCD is obscure. 

There are several observations which when considered 
together suggest that covalent bonds are formed at the 
DCCD-sensitive site: the slowness of the onset of 
inhibition (see Figures 4-6). The possibility that the 
time required for complete inhibition by DCCD is a 
function of some permeability barrier is made unlikely 
by the fact that this time requirement is common for 
the onset of DCCD inhibition in both intact mito- 
chondria and in submitochondrial particles, the latter 
being everted fragments of the inner membrane of 
mitochondria (Lee and Ernster, 1966). The tempera- 
ture coefficient of the inhibitory effect is approximately 
2 (see Figure 5). This is a figure characteristic of a 
process involving the formation or breaking of covalent 
bonds. The first step of many of the reactions involving 
carbodiimides is considered to be a protonation of one 
of the imine nitrogen atoms (Khorana, 1961). Such a 
mechanism will be favored by an increased concentra- 
tion of protons. The inhibitory effects of DCCD are not 
reversed (Holloway et a/.,  1966) by treatments which 
reverse the inhibitory effects of oligomycin (Kagawa 
and Racker, 1966). Also the inhibitory effects of DCCD 
are still manifest in the properties of CFo and CFoFl 
preparations (Kagawa and Racker, 1966) which have 
been isolated from either DCCD-treated mitochondria 
or DCCD-treated mitochondrial fragments (Roberton 
et al., 1966). The inhibitory properties of DCCD are 
possessed by other carbodiimides, e.g., diisopropyl- 
carbodiimide, di-p-tolylcarbodiimide, and dibenzyl- 
carbodiimide. This observation indicates that the 
diimide moiety of DCCD is responsible for the effects 
on oxidative phosphorylation (I. G. Knight, R. B. 
Beechey, A. M. Roberton, and C. T. Holloway, un- 
published data). It is possible to extract all the radio- 
activity from [14C]DCCD-treated submitochondrial 
particles. Thin layer chromatography shows that some 
of the extracted I4C is incorporated in a molecule 
which is neither DCCD nor dicyclohexylurea (C. T. 
Holloway, I. G. Knight, R. B. Beechey, and A. M. 
Roberton, unpublished data). 

It is of interest to consider the functional relationships 
of DCCD with the other compounds which are thought 
to inhibit electron transport in coupled mitochondria 
by acting at sites in the ATP-synthesizing system. The 
presently known inhibitors can be classified into two 
groups on the basis of two properties: (a) the site of 
action within the ATP-synthesizing system and (b) 
the specificity of the inhibitor for one preferred site 
or all those sites of ATP synthesis. The first group 
includes the alkylguanidines (Pressman, 1963a ; Chap- 
pell, 1963), amytal (Chance and Hollunger, 1963), 
2-alkyl-4-hydroxyquinoline N-oxides and 2-hydroxy- 
3-(3-methylbutyl)-l,4-naphthoquinone (hydrolapachol) 

3878 (Howland, 1963), phenethylbiguanide(Pressman, 1963b), 

and decamethylenediguanide (Guillory and Slater, 
1965). All these authors have interpreted their results 
in terms of the inhibitor acting at the level of a non- 
phosphorylated intermediate and the inhibitor com- 
peting with uncoupling agents for the intermediate. 
However, Mitchell (1966) has suggested some alterna- 
tive modes of action based on: (a) the known capacity 
of some of these compounds to inhibit electron trans- 
port, (b) the relative lipophilicity of the inhibitors and 
uncoupling agents, and (c) the cationic nature of 
some of these inhibitors and the ability of uncoupling 
agents to discharge the membrane potential of the 
inner mitochondrial membrane, thus causing the release 
of these charged electron-transport inhibitors. DCCD 
does not belong to this group, since there is no apparent 
competition between uncoupling agents and DCCD ; 
neither does DCCD show specificity in inhibiting 
phosphorylation associated with one particular site, 
nor does DCCD inhibit uncoupled electron transport. 

The second group of inhibitors includes the oligomy- 
cins A-C (Lardy et af., 1958), rutamycin (oligomycin 
D) (Lardy et a/., 1965), and aurovertin (Lardy et id., 
1964). These compounds inhibit energy transfer at 
the level of the phosphorylated high-energy intermedi- 
ates, though not necessarily at the same site (Lardy 
et a/., 1964). Uncoupling agents reverse immediately 
the inhibition of electron transport by these com- 
pounds in tightly coupled mitochondria. DCCD obvi- 
ously belongs to this group of inhibitors. The site of ac- 
tion of DCCD indicated in Scheme I is identical with 
that suggested for oligomycin by Ernster and Lee (1964). 

There are many similarities between the effects of 
DCCD and those of oligomycin. Thus oligomycin 
inhibits: (1) the coupled respiration of intact mito- 
chondria and this inhibition is relieved by uncoupling 
agents but not by arsenate; (2) the uncoupling agent 
stimulated adenosine triphosphatase activity of mito- 
chondria and submitochondrial particles ; (3) PI-ATP- 
exchange activity; (4) the ATP-driven reduction of 
NAD+ either by succinate or by TMPD plus ascorbate; 
and (5) the ATP-driven energy-linked pyridine nucleo- 
tide transhydrogenase system. Oligomycin stimulates 
the aerobic energy-linked pyridine nucleotide trans- 
hydrogenase system and at very low concentrations 
the ATP-driven reduction of NAD+ by succinate in 
EDTA particles. 

There are several observations which differentiate 
the mode of action of DCCD from that of oligomycin. 
The rates of onset of inhibition are very different. 
Inhibition by oligomycin is almost immediate while 
DCCD requires 0-24 hr to manifest its action, depend- 
ing on the pH, temperature, and concentration of 
DCCD. Oligomycin is more efficient than DCCD in 
stimulating the ATP-driven reduction of NAD+ 
by succinate (Figure 8). Also the action of DCCD on 
CFOFI (Le., to inhibit the phospholipid stimulation 
of the adenosine triphosphatase activity of CFoF1) 
is irreversible (A. M. Roberton, unpublished results) 
under conditions which reverse the inhibitory effect of 
rutamycin (oligomycin D) (Kagawa and Racker, 1966). 
Similarly, the adenosine triphosphatase activity of 
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DCCD-treated submitochondrial particles is not re- 
stored by phospholipid washing (Holloway et al., 1966), 
in contrast to rutamycin-treated submitochondrial 
particles in which the activity is restored by phospholipid 
washing (Kagawa and Racker, 1966). A comparison 
of the inhibitory actions of oligomycin and aurovertin 
has been made by Lardy et al. (1964); the points of 
similarity and difference apply with equal force to 
DCCD. 
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