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1. Introduction 

It seems presently established that ADP** induces 
structural modifications in mitochondria, independent- 
ly of its action on the oxidophosphorylating system, 
hence independently of its influence on the mito- 
chondrial energy level, which in turn is known to 
modify the morphology of these organelles [ 1, 2]. 
Energy-independent, ADP dependent structural modi- 
fications are revealed by electron microscopy [3]. 
They are also revealed by slight, but very rapid modi- 
fications of the turbidity of mitochondrial suspen- 
sions [4]. On the other hand, Zimmer [5] has shown 
that ADP induces an increase of the total -SH groups 
which may be alkylated in mitochondria, under non- 
phosphorylating conditions, due to the presence of 
oligomycin. In the course of investigations on the 
accumulation of large amounts of  calcium phosphate 
in the presence of ADP by hog heart sarcosomes 
[6] the turbidimetric technique of Stoner and Sirak 
[4] has been used and the ADP dependent jump in 
optical density, first reported by these authors, has 
been systematically studied; it is established in the 
present work that this turbidimetric jump is modi- 
fied by the atkylating agent NEM, which amplifies 
the phenomenon and inhibits its reversion by atrac- 
tyloside. It is further demonstrated that the alkyla- 
tion kinetics of reactive groups by NEM and the in- 
hibition kinetics of the atractyloside induced re- 

* This work is part of a Doctoral Thesis (Doctorat ~s-Sciences) 
to be submitted by P. Leblanc. 

** Abbreviations: AN: Adenine nucleotides; ADP: adenosine 
diphosphate; NEM: N-ethylmaleimide. 

version of the optical jump are similar. In addition, 
alkylation of these groups by NEM parallels an in- 
hibition of adenine nucleotide translocation, mediated 
by the adenine nucleotide-translocase exchange reac- 
tion [7-101 ;the possibility of correlating these 
various phenomena is discussed. 

2. Materials and methods 

The previously described method for isolating 
sarcosomes [6] has been modified as follows: the 
tissue was homogenized in 270 mM sucrose, 60 mM 
KCI, 20 mM Tris-HC1 pH 7.6. The mitochondrial pel- 
lets obtained after the first washing procedure were 
suspended in 10 ml of 270 mM sucrose, 60 mM KC1, 
10 mM Tris-HC1 pH 7.4; 5 ml of this suspension were 
carefully layered over 30 ml of 1 M sucrose, centri- 
fuged at 20,000 g (20 rain). After recentrifugation 
to eliminate sucrose in excess, the pellets were re- 
suspended in a 150 mM KC1, 10 mM Tris-HC1 pH 7.2 
solution, adjusted to 30 mg protein/ml, which con- 
stitutes the stock mitochondrial suspension, and may 
be used for 3 days when kept at 0 °, without obvious 
modifications of the sarcosomes responsiveness. 

The incubation medium for all experiments was 
as follows: 70 mM sucrose (BDH Chemicals Ltd), 
70 mM Tris-HCl (Calbiochem), 12 mM Na-succinate 
(Calbiochem), 1.5 mM EDTA (Prolabo), 2 ~tg/ml 
rotenone and 3/ag/ml oligomycin (Sigma Chem. Lab.). 

The optical jumps were recorded on a Gilford 
240 recording spectrophotometer at 540 nm (ex- 
pansion scale 150 units optical density). 

Alkylation by ~4C-NEM (CEA Saclay, France) was 
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Fig. 1. Influence of NEM on the ADP induced shrinkage of hog heart sarcosomes. Protein concentration 1 mg/ml. Initial absorb- 

ance: 1.8 cm-’ ; 20”, pH 6.8. Final volume 3 ml. The sarcosomes are preincubated in the absence of NEM (Sigma C&em.) for 

2 mm (for details, see Materials and methods). 
2s 2c 

Fig. 2. Influence of the incubation period (sarcosomes + NEM) in the presence of ADP on the reversibility of the ADP induced 
optical jump. On fig. 2a, p-mercaptoethanol and ADP (P.L. Biochemicals Inc.) are added simultaneously; on fig. 2b, fl-mercapto- 
ethanol is added 10 set after the addition of ADP; experimental conditions as in fig. 1. Fig. 2c, percentage of inhibition of the 

atractyloside dependent reversion of the optical jump as a function of the incubation period in the presence of NEM plus ADP:. 
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measured as follows: 500 /..d of the reaction medium 
were pipetted with an Eppendorf-micropipette and 
quickly added to 0.7 ml of a solution containing 
10% TCA and 10 mM fl-mercaptoethanol in a re- 
frigerated (0”) plastic centrifuging tube (Eppendorf 
3200 microcentrifuge). 

After 1 min centrifugation at maximal speed, 
the supernatant was discarded, the tube and the 
pellet were rinsed with a small volume of 5% TCA, 
the pellet was resuspended in 1 ml of 5% TCA, re- 
centrifuged (30 set), the supernatant discarded again 
and the pellet rinsed with distilled H,O. The pellet 
was dissolved in 500 ~1 of “soluene 100” (Packard) 
and the solution counted with a Packard 3375 scin- 
tillation counter after addition of 10 ml of the usual 
scintillation medium (toluene, PPO, POPOP). 

14C-ADP (Radiochemical Centre, Amersham) ex- 
change was estimated by separating the sarcosomes 
from an aliquot of the medium by filtration under 
negative pressure through a 0.6 p Schleicher-Schiill 
membrane [9, lo] washed once with IO ml of a 
100 mM sucrose, 100 mM Tris-HCl pH 7.4 solution 
and dried; the filter was dipped into 10 ml of the 
scintillation medium and the total radioactivity 
counted with a Packard 3375 scintillation counter. 

Proteins were measured according to Jacobs et 
al. [ 1 l] , cytochrome a was assayed following the 
method of Griffiths and Wharton [ 121. 

3. Results 

3.1. The action of NEM on the ADP induced optical 

iump /41 
Comparing fig. lc (NEM present) and 1 a (NEM 

absent), it appears that the alkylating agent increases 
the optical jump observed with ADP and abolishes 
its reversion by atractyloside. Fig. 2a shows that 
by adding ADP simultaneously with /3-mercapto- 
ethanol, the action of NEM is abolished. When 
(fig. 2b) /_%mercaptoethanol is added 10 sec. after 
ADP, partial reversion of the optical jump occurs 
on addition of atractyloside. Fig. 2~ shows the 
percentage inhibition of reversion of the pheno- 
menon with atractyloside, as a function of the in- 
cubation time’in the presence of NEM and ADP. 
Fig. lb shows that atractyloside, when added 

before ADP, prevents the optical jump, even in the 
presence of NEM. 

3.2. Alkylation kinetics of sarcosomal reactive 
groups by 14C-NEM 

Fig. 3a shows that, under the influence of ADP, 
additional reactive groups which may be titrated 
by NEM are revealed. Fig. 4 shows alkylation 
kinetics of these groups, at 20” and at 2” the maxi- 
mum amount titrated at both temperatures is identi- 
cal, which further confirms their specificity. Fig. 3b 
demonstrates that, as for the optical jump (fig. lb), 
atractyloside inhibits the unmasking of additional 
alkylable groups by ADP. 

3.3. Action of NEMon nucleotide-exchange in sarco- 
somes 

Fig. 5a shows, in agreement with current views 
[9, lo], that NEM does not inhibit adenyl-nucleo 
tide exchange when the sarcosomes are incubated in 
the absence of ADP. Conversely, it appears that in 
the presence of this nucleotide, NEM inhibits the 
exchange reaction; the extent of this inhibition 
parallels the incubation period with NEM. The per- 
centage inhibition of the exchange reaction, mea- 
sured after 15 min incubation, plotted versus incu- 
bation time in the presence of NEM and ADP is in- 

dicated on fig. 5b. It has been controlled that no 
nucleotide escape from the sarcosomes occurred 
both at 2” and 20” in the presence of NEM. Such 
an escape, if proportional to the incubation period 
in the presence of NEM, would be an alternative ex- 
planation for the inhibition of the exchange reac- 
tion, without implying an alteration of translocase 
activity. In addition, control experiments also de- 
monstrated that the percentage inhibition of trans- 
locase activity-in the presence of ADP depends on 
the incubation period with NEM and does not in- 
crease any more, once the alkylating agent has been 
eliminated by adding @mercaptoethanol. 

On fig. 6, the kinetics of the various parameters 
studied are compared. Fig. 6a shows the alkylation 
kinetics by NEM of reactive groups unmasked by 
ADP and the inhibition kinetics by NEM of the 
atractyloside induced reversion of the optical jump, 
both at 20’. Fig. 6b shows the alkylation kinetics 
at 2” and the inhibition kinetics by NEM of the 

109 



3a 3b 

204060 SO 120 150 180 210 300 420 ' 

sec. 

30 so 150 210 
t 

sec. 

Fig. 3. Titration by 14C-NEM of additional alkylable groups under the influence of ADP and inhibition of this titration by atrac- 

tyloside. a) Experiments performed at 20”. Incubation of the sarcosomes started at 0 min; at 2 min “cold” NEM is added to a 

final cont. of 3.3 mM; at 4 min 0.5 nmoles t4C-NEM (3.8 X lo6 cpm) are added with or without ADP (200 nmoles). Final vol 

3.5 ml. Proteins 1 mg/ml; pH 6.8. Experiments performed at 2’: at 3 min “cold” NEM is added to a final cont. of 3.3 mM; at 

7 min 1.5 nmoles t4C-NEM (6 X lo6 cpm) are added with or without ADP (1200 nmoles). Final ~015.5 ml. Proteins 1 mg/ml; 

pH 6.8. b) Experiments performed at 20” in the presence of atractyloside; same conditions as above. Atractyloside (5 PM, final . 
t 
; 

cont.) is added at 3 min 50 sec. 

6ec. 

204030 80 120 180 240 300 420 ' 

Fig. 4. Alkylation kinetics of the reactive groups “unmasked” 

by ADP. The kinetics shows the difference between the al- 

kylation kinetics in the presence and in the absence of ADP 

as shown in fig. 3a. (A-A-A): 20” (average of 4 exp.), 

(e-0): 2” (average of 3 exp.). 
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Fig. 5. Inhibition of adenine nucleotide exchange in sarcosomes by NEM preincubated in the presence of ADP. Exchange kinetics 
for various preincubations periods. a) AlI experiments performed at 2”, final vol 5.5 ml; proteins 1 mg/ml, pH 6.8. Incubation of 
sarcosomcs started at 0 min. (e-o--e): Control without NEM; additions: 6 min 45 set: p-mercaptoethanol 5.4 mM (final cont.); 
7 min: ADP 220 PM (final cont.); 9 min: 14C-ADP (600 nmoles, 58 X lo4 cpm). (o-o--o): Control with NEM; additions: 3 min: 
NEM 3.3 mM (final cont.); subsequent additions as above. ( ---‘): Increasing preincubation periods of NEM with ADP; additions: 
3 min: NEM 3.3 mM; 7 min: ADP 220 KM; p-mercaptoethanol5.4 mM is added lo,20 and 40 sec., 1 min and 3 min after ADP. 14C- 
ADP (600 nmoles, 58 X IO4 cpm) added 30 set after p-mercaptoethanul. b) Percentage inhibition of adenine nucleotide exchange 

(determined at 15 min incubation) as a function of the preincubation period with NEM and ADP. 

ADP exchange reaction at this temperature. Inhi- the results obtained so far concerning ADP induced 
bition of ADP exchange obtains at both tempera- changes in the mitochondrial membrane are as fol- 
tures but the rate of the exchange reaction at 20” lows: 

is fast enough to prevent any precise estimation of 1) the reactive groups unmasked by ADP seem to be 

the percentage inhibition at this temperature. Hence rather specific with respect to the thiol groups men- 

this parameter had to be measured at 2”. tioned by Sabadie-Pialoux and Gautheron [ 151 and 

4. Discussion 

The main conclusions which may be drawn from 

by Foucher and Gaudemer [ 161 which are titrated 
by different reagents in the absence of oligomycin, 
and with respect to the -SH groups of the phosphate 
translocator which are not unmasked by ADP, and 
the titration of which ought to be completed within 
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Fig. 6. Compared kinetics of ADP dependent alkylation by NEM, of ADP and NEM dependent inhibition of the atractyloside in- 

duced reversal of the “optical jump” and ADP and NEM dependent adenine nucleotide-translocase inhibition. a) Alkylation 

kinetics of reactive groups revealed by ADP ( l - CO) and inhibition kinetics of atractyloside induced reversion of the ADP de- 

pendent optical jump (o--o--o) in the presence of NEM; compared plots, expressed as percentages of the maximum effect. EX- 

periments performed at 20”. b) Alkylation kinetics of reactive groups revealed by ADP (o-04) and inhibition kinetics of ade- 

nine nucleotide translocation ( n-a-n) in the presence of NEM; compared plots, expressed as percentages of the maximum effect. 

Experiments performed at 2’. 

the first 2 min of our preincubation period [ 17, 201 
at 2”. 
2) NEM inhibits the atractyloside dependent rever- 
sion (fig. lc) of the ADP induced optical jump. The 
kinetics of this inhibition (fig. 6a) closely parallel 
the alkylation kinetics of the reactive groups un- 
masked by ADP. The parallelism extends to the 
atractyloside sensitivity of both parameters, suggest- 
ing their close correlation. 
3) Fig. Sa shows that, as opposed to current views 
[9, lo], AN-translocase activity is sensitive to al- 
kylating agents such as NEM, provided that the alky- 
lation takes place in the presence of ADP. This in- 
hibition stringently depends on the incubation time 
of the sarcosomal material in the presence of both 
NEM and ADP (fig. 5b), and its kinetics at 2” close- 
ly parallels alkylation kinetics, indicating that these 
parameters too may be correlated (fig. 6b). 
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4) It must be emphasized that the maximal amount 

of reactive groups unmasked by ADP (measured at 
20” and at 2”) is about 1.3 nmoles/nmole of cyto 
chrome (I content( which we found to be 1.35 nmoles/ 
mg of protein in fresh sarcosomes). This amount is 
stoichiometrically close to the amount of ADP and 
atractyloside and gummiferin binding sites in beef 
heart and rat liver mitochondria [2 1, 241. Accord- 
ing to Vignais et al. [24] adenine nucleotide trans- 
locase is an allosteric enzyme, ADP acting on this 
system both as a substrate and as an activator. Com- 
paring these results with our own data it may be 
postulated that the groups titrated in the presence 
of ADP are closely linked to the translocase system 
and that the conformational change induced by ADP 
on this system is responsible for their unmasking. 
Hence all parameters studied in the present work 

may be related to a conformational change of AN- 



Volume 23, number 1 FEBS LETTERS June 1972 

translocase since all of them seem to be sensitive to 
the same activator (ADP), to the same specific in- 
hibitor (atractyloside) [ 13, 141 and to the alkylating 
agent solely in the presence of the activator. 
5) The nature of the reactive groups which are unmask- 
ed by ADP is presently unknown. Alkylation kinetics 
at the concentrations of NEM used point to the un- 
masking of additional -SH groups. However, preli- 
minary experiments, which are not reported in the 
present work indicate that the groups alkylated by 
NEM exhibit comparatively low reactivities with 
other thiol reagents (mercurials, iodoacetamide); 
hence an unusually reactive -NH2 group [25, 261 
especially if located in the vicinity of an histidyl 
residue might also be alkylated. Additional experi- 
ments will be necessary to settle this point. 
6) It also remains unexplained why endogenous 
adenine nucleotides, which are abundant in fresh 
sarcosomes, seem unable to induce the actions re- 
ported above and how the sole conformational 
change of the translocase system could provoke the 
overall effects observed macroscopically on the sar- 
cosomal suspension by electron microscopy [3] 
and turbidimetry [4]. 
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