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The effect of ATP synthesis on A#H in rat liver mitochondria has been analyzed by separating the steps of 
adenine nucleotide translocation and ATP synthesis in the matrix. Either exchange of ATP, synthesized by 
substrate level phosphorylation in the matrix of oligomycin-treated mitochondria, for external ADP, or 
activity of the membrane-bound ATP synthase complex results in A/i H depression with respect to resting 
state levels. This depression appears to be more pronounced, under strictly comparable conditions, when 
arsenate is used to stimulate ATP synthase activity than when the ornithine-citrulline conversion reaction is 
used for the same purpose. 

Introduction 

While it is generally accepted that operaUon of 
the redox and ATPase H + pumps Dves rise to the 
formation of an H + electrochemical gradient, A/ill, 
across the energy-transducmg membrane  of 
mltochondrla, chloroplasts and bacteria, the mech- 
amsm by which these pumps are coupled is still a 
matter  of debate. The answer as to whether A/i H 
acts as the sole competent  intermediate couphng 
the redox and ATPase H + pumps may be sought 
by analyzing the flow-force relaUonship durmg 
ATP synthesis [1-5]. This analysis has recently 
been mmated  by our group [6] and results have 
been obtained which cannot be accounted for by 

Abbrevmtmns TPMP, tnphenylmethylphosphonmm, DMO, 
5,5-dlmethyloxazohdme-2,~dlone, AA#H (AAde, AApH), van- 
atlon of A/i n (Aq, ApH) wtth respect to State 4 levels, Jo, rate 
of oxygen consumption, J^TP, rate of ATP producUon (translo- 
cation), Mops, 4-morphohnepropanesulforuc acid 

the chenuosmot~c hypothesis in its simple, classical 
form The present work ~s an extension of the 
preceding study. 

If A/i H is the only mtermedlate m energy trans- 
ductlon, it is predtcted that when operation of one 
pump is dnven backwards or, strictly speakang, 
thermodynamically reversed, by operaUon of the 
other, a depression of A/i H should occur This has 
m fact been observed, and it is now generally 
accepted that in the stationary state for phos- 
phorylauon the level of A/i H is lower than m static 
head (State 4) mitochondna.  The extent of A/i H 
depression is controversial, ranging from 2-5  mV 
[1,7] to 50 mV [8]. (In our hands about 15-20 mV 
[6].). In the chermosmouc view this A/i H depres- 
sion is essentmlly a consequence of charge translo- 
cation across the membrane.  

Two distinct charge-translocatmg processes 
which occur during phosphorylaUon of external 
A D P  tend to lower A/in: (1) the ATP-ADP ex- 
change which results m the extrusion of one nega- 
uve charge per ATP exported vm the adenine 
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nucleotlde translocase [9] and 0i) the influx of two 
to three H + for the synthesis of one ATP via the 
ATPase H ÷ pump [10-12] The fraction of availa- 
ble energy used by each process should be propor- 
tional to the number of charges translocated. 

Deternunatlon of A/2 n depression dunng ATP 
synthesis in the absence of transport has been 
carried out in submltochondnal particles [13], 
chloroplasts [14], chromatophores [15-17] and 
bacterial vesicles [18]. In rat liver rmtochondria, 
stimulauon of ATP synthase actlwty coupled to 
carbamoyl phosphate production has been used as 
a tool to obtain the same type of information. 
However, contrasting results have been reported: 
Duszynslo et al. [10] found a considerable A/~ H 
depression, while Wdhamson et al. [19] did not A 
clarification of the effects of ATP synthesis and 
transport on A/2 H is ~mportant as a test of the 
chenuosmotic model and for the interpretation of 
the results presented in Ref. 6. A/2 H depression 
was therefore measured under conditions either of 
net ATP extrusion vm the adenine nucleotide car- 
her  (without ATP synthase-catalyzed ATP synthe- 
sis) or of ATP synthesis (without transport) 

Materials and Methods 

The experimental system 
Isolation of the effect of ATP-ADP exchange 

of A/i H requires generation of ATP within the 
mamx by a process independent of the ATPase 
H ÷ punp, which must be kept blocked This can 
be done by taking advantage of substrate level 
phosphorylation, wluch generates one molecule of 
ATP for each molecule of a-ketoglutarate con- 
verted to succmate [20]. The reaction is favored by 
maintaining the N A D ( P ) + / N A D ( P ) H  pool 
oxidized through the reductive amlnation of a-ke- 
toglutarate to glutamate (Krebs-Cohen dismuta- 
tion) [21,22]. For this purpose NH~- and malonate 
are added to the medium. In addition to mlubitmg 
succmate oxidation, malonate favors a-keto- 
glutarate transport [23]. The ATPase H ÷ pump is 
blocked by oligomycm whde transport of endoge- 
nously synthesized ATP is facditated by maintain- 
lng a low A T P / A D P  ratio in the outer aqueous 
phase. The effect of adenine nucleotide exchange 
on A/i H can then be estimated by companng the 

values of A/2 H under conditions of maxamal rate of 
transport and of transport inhibition by atractylo- 
side. 

Isolation in intact mitochondna of the effect of 
ATP synthesis through the ATPase H ÷ pump, in 
the absence of adenine nucleotlde exchange, has 
been aclueved in two ways. One involves the use of 
arsenate, a well known uncoupler of oxidative 
phosphorylatlon [24]. Addition of 1-2 mM 
arsenate to rmtochondrla results in a marked 
atractyloslde-lnsensit ive,  ohgomycin-sensltlVe 
stimulation of respiration [25] The commonly 
accepted explanation for this effect considers 
arsenate as an analog of P,. Hence arsenate can be 
utilized by the ATP synthases to generate an ana- 
log of ATP, AsADP, which undergoes rapid hy- 
drolysis [26,27] (denoted also as 'arsenolysis') in 
the rmtochondrlal matrix. The rate of respiration 
is therefore a function of the rate of AsADP 
synthesis, winch in turn is equal to the rate of 
hydrolysis. Thus, addition of arsenate to atrac- 
tyloslde-supplemented mitochondria is equivalent 
to generating an endogenous ATPase activity. 

The second approach used in the present study 
is based on the operation of part of the urea cycle. 
In mitochondrla isolated from the hver of rats 
kept on a Ingh-protem diet, the ATP-requmng 
conversion of ornitbane to citrulhne [28] proceeds 
at a fairly rapid rate [10,19]. The reaction leads to 
a lowenng of the matrix A T P / A D P  ratio [29] and 
to an atractyloslde-msens~tlve, ohgomycln-sens~- 
tive stimulation of respiration. 

Materials 
Liver rmtochondrla from male albino Wistar 

rats were prepared according to a standard proce- 
dure [30] in a medium containing 0 25 M sucrose, 
l0 mM Tns-HCl (pH 74), 0.1 mM EGTA and 
0 1% bovine serum alburmn. Bovine serum al- 
bumin and EGTA were ormtted in the last wash- 
rag. Rats utdized for the ormtinne experiments 
were kept on a tugh-protem diet (approx. 40% 
total proteins) supplied by Plcciom (Brescia, Italy) 
for 2-8  weeks before lolling. Protein concentration 
was determined by the biuret method vs. a bovine 
serum albunun standard All reagents and xninbl- 
tors used were of the maximum purity commercial 
grade. Tnphenyl[14C]methylphosphonium iodide 
was synthesized by Dr. M. Beltrame. Other radio- 



actively labelled compounds were obtained from 
Amersham. 

Medium compositmm is indicated in the legends 
to the tables. Care was taken not to vary the pH of 
the suspensions by any addition. 

Momtormg the reacttons 
Rates of respiration in the arsenate and 

ornittune experiments were estimated from the 
decrease m oxygen concentration in the medium, 
which was followed polarographically with a Clark 
electrode (Yellow Springs) in a closed, thermo- 
statically controlled vessel with magnitude stirring. 
The reactions were started by the addition of 
either arsenate or ornithine after 1-2 nun of in- 
cubation. In the case of the ornithlne reaction, the 
rate of respiration Increased gradually over an 
approx 1 nun period, and then stabilized Addi- 
tion of arsenate induced a respiration increase 
essentially without any lag time. The new rate of 
oxygen consumption remained constant over the 
time span of the experiment (3-4 nun). 

To deterrmne the rate of adenine nucleotlde 
exchange in the translocation experiments, suspen- 
sions of nutochondna (2 or 4 mg/ml)  were in- 
cubated in the substrate level phosphorylation 
medium (see legend to Table I) in a thermostati- 
cally controlled vessel with magneuc stirring The 
medium contained either 1 mM EDTA to seques- 
ter Mg 2÷ and thus mhtbit adenylate lonase activ- 
ity, or MgC12, glucose and an excess of hexolonase. 
The reaction was started by the addition of ADP 
after a 3 nun incubation 1-ml samples of the 
suspension were withdrawn at time intervals and 
quenched with perchloric acid. After neutrahza- 
tion with KOH/tr ie thanolamine,  ATP or glucose 
6-phosphate formation was measured by standard 
enzymatic methods [31]. The data were corrected 
for the contribution by endogenous nucleotides 
and the adenylate kinase reaction using the results 
of duplicate experiments conducted in the pres- 
ence of an excess of both ohgomycln and atrac- 
tyloslde. Controls were carried out to ascertain 
that the concentrations of ohgomycin and atrac- 
tyloside used were sufficient to block completely 
phosphorylation and transport, respectively. In the 
case of experiments involving substrate level phos- 
phorylation, complete blockage of the ATP syn- 
thases was checked by incubating mitochondrIa in 
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a succinate (+  rotenone, + ohgomycin) medium 
and verifying that no ATP was produced 

Determmanon of Aft n 
The transmembrane electrical potential gradi- 

ent, A~b was determined from the distribution be- 
tween mltochondrial matrix and medium of the 
labeled hpophlhc cation trlphenyl[14C]methyl - 
phosphonium ([14C]TPMP) (002 /~Ci/ml) [32] 
The transmembrane proton affinity gradient, A pH, 
was evaluated from the dlstrubltlOn of 5,5-[ 14C]dl- 
methyloxazohdlne-2,4-dlone ([14C]DMO) (0.05 
~Ci /ml )  [33] or of [3H]acetate [34] Mltochondna 
were incubated, in the appropriate medium, in 
polyethylene centrifuge tubes (4 mg protein in 2 
ml), kept in a thermostatically controlled bath. 
The reaction of interest was started by the addi- 
tion of either ADP, arsenate or ornlthine A suffi- 
cient time (2-3 mln) was allowed to elapse to 
ensure attainment of steady state for respiration or 
adenine nucleotlde exchange. The mltochondrla 
were then separated from the suspension medium 
by centrlfugatlon in the S-12 rotor of a Sorvall 
RC12 Supercentnfuge at 18-19.  l03 rpm. for 2 
nun 100-/~l ahquots of the supernatant were placed 
in scintillation vials along with 2 ml of Insta-Gel 
scintdlatlon fhud (Packard) The walls of the 
centrifuge tubes were carefully dried with filter 
paper and the pellets dissolved by incubation with 
0.5 ml of 1 mM EDTA, 0.1% NaCl and 0.9% 
sodium deoxycholate for 2-3  h at room tempera- 
ture. The centrifuge tubes were sealed with para- 
film during ttus Ume. The dissolved pellets were 
quantitatively transferred to sontlllation vials con- 
taming 100/~l H 2 0  together with 4 ml Insta-Gel, 
and counted along with the supernatant samples 
on a Packard 300C scintillation spectrometer. 

The cpm output was automatically converted to 
dpm by means of an external standard and preset 
cahbratlon curves to correct for fluorescence 
quenching effects. All measurements were done at 
least in duphcate (see tables). Each experiment 
r e p o r t e d  was p e r f o r m e d  u t ihz lng  o n e  
mitochondrial preparation and measunng rates of 
respiration or ademne nucleotide translocation and 
A/2 H in parallel. ApH measurements are strongly 
dependent on the correction applied to com- 
pensate for the contribution of the medmm trapped 
in the pellet. To  estimate better the in- 
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terlmtochondrlal volume, all incubations contain- 
ing 14C-labelled probes were supplemented with 
3H20 (0 2 /~Ci /ml )  The lntermitochondrlal space 
for each pellet was then estimated from the dif- 
ference between the total pellet volume, measured 
by tntlated water, and the matrix volume (see 
below). This procedure could not be followed when 
[3H]acetate was used to measured ApH For this 
reason, acetate-based ApH measurements showed 
considerable scatter among duplicate samples 

The distribution of labelled D M O  was mea- 
sured in State 4 rmtochondna either at a constant 
concentration of [14C]DMO and with increasing 
concentrations of unlabelled D M O  (up to 0.5 mM), 
or at increasing concentrations of labelled probe 
and without added unlabelled compound. In the 
former case the amount  of radioactivity found in 
the pellet did not change. For the latter case, it is 
straightforward to derive the relationship 

dpmPot dpmPdtstr × dpmS + dpm~,.d 
dpm s 

where dpmtPot is the total amount of 14C radioac- 
tivity found in the pellet, dpm,~,str the part  of this 
radioactivity due to ApH-dnven  D M O  accumula- 
tion and any 'non-saturable '  binding, dpm~,,, d the 
amount  incorporated because of saturable binding 
phenomena,  and dpm s the radioactivity found in 1 
/zl of supernatant In agreement with Ref 35, a 
plot of dpmtPot vs. dpm s gave a straight line going 
through the origin, as expected if ApH does not 
vary and D M O  does not bind in a saturable 
manner  On the basis of the experimental ap- 
proach described in Ref. 6, we tend to discount the 
possibility of unsaturable binding as well There- 
fore, no binding corrections were applied to the 
D M O  data. Similar controls were not performed 
for acetate 

The approach to the problem of TPMP binding 
is described elsewhere [6,36]. It compensates for 
what appears to be a saturable binding of this 
probe to deenerglzed mltochondria. The extent of 
the correction is small, corresponding at most to 
1-2% of the radioactivity found in coupled 
mitochondria. Other authors [37,38] have con- 
cluded that a large and constant fraction of the 
TPMP taken up by energized mitochondrla is 
bound. A correction of this type would lead to 

lower A~ values, but has no effect on differences 
between them. For example, take entries 1 and 2 
in Table I (Expt. 1). If  two-thirds of the radioactiv- 
ity found in the pellets were considered to be due 
to binding, the A~b values would change from 169 
to 141 and from 175 to 147 mV, respectively The 
difference between the two measured values, 6 
mV, would be unaffected. The differences are simi- 
larly not affected by the error arising from the 
exphclt, and probably erroneous, assumption that 
the activity coefficients and the standard chermcal 
potentials for the probe molecules in the inner and 
outer compartments  are equal. 

In a few experiments A~p was continuously fol- 
lowed with a TPMP-sensitive electrode, contructed 
essentially according to Ref. 39. An Orion Ion 
Analyzer 92-20 was used as electrode body, and a 
Beckman combination H + electrode as reference 
Initial TPMP concentration in these deternuna- 
tions was 10 #M Results obtained utlhzlng tins 
method were in excellent agreement with those 
obtained using [14C]TPMP. 

Mitochondnal  matrix volume is most often de- 
terrmned from the difference between 3H20-per- 
meable and [14C]sucrose-permeable spaces [40] 
Since the permeability of the inner membrane to 
sucrose is not neghglble [6,36,41,42], [14C]ATP 
was used instead. 200 # M  atractyloslde and 2 mM 
adenine nucleotides were included in the medium 
to prevent operation of the translocator and bind- 
ing of the labelled compound. [14C]ATP was ad- 
ded to the mltochondnal  suspension immediately 
before centrifugatlon. The protein content of the 
pellets was determined in a parallel sample. With 
this method mltochondna were found to behave as 
osmometers" a plot of matrix volumes vs. the 
reciprocal of medium osmolarity gave a straight 
line with an intercept of about 0 2 /~l/mg. The 
volumes measured for State 4 rmtochondria and 
ml tochondr ia  supplemented  with ornithine, 
ornithine + ollgomycin, arsenate or arsenate + 
ollgomycin in the appropriate reaction media were 
all the same within experamental error, namely, 
0 .5-0 .55 /~ l /mg protein. In all our calculations we 
therefore used this value. The method cannot be 
appl ied to adenine nucleot ide- t ranslocat ing 
rmtochondria, for which a volume of 0 5 ~ l / m g  
was also assumed 
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Results 

The effect of ademne nucleonde translocatwn on 
AftM 

A prope r  evaluaUon of  the effect of  aden ine  
nuc l eoude  t rans loca t lon  of Aft H ~s p r o w d e d  by  
com par i son  of the values ob ta ined  m the presence  
and  absence  of the specific t r anspor t  inhibi tor ,  
a t rac ty los lde .  Tab le  I shows the results  of  two 
typica l  exper iments ;  Aft H values for Sta te  4 
m t t o c h o n d n a  are inc luded  for compar i son .  Due  to 
the smallness  of  the change and  tts na tu re  as a 
compos i t e  quant i ty ,  the t r ans loca t l on -mduced  Aft H 
depress ion  was near ly  always smal ler  than  its 

s t a n d a r d  dev lauon .  The  Aft 8 var ia t ion  was not  
s~gnlflcant accord ing  to the Behrens-S tudent  test 
[43] a p p h e d  to any given exper iment .  

A more  reward ing  a p p r o a c h  involves apph-  
ca t ion  of s ta t is t ical  s ignif icance tests to the com- 
p le te  set of  our  da ta .  A~ and A p H  v a n a t l o n s  were 
measu red  m eight  Independen t  exper iments ,  and  
the ,~ff v a n a u o n  only  in a n in th  exper iment .  In  all 
n ine  cases A~k was lower m the absence  than  in the 
presence  of  a t rac ty los lde  (with AA~k values ranging  
f rom - 2 . 2  to - 12.1 mV) A p H  was lower m the 
absence  of  a t rac ty los tde  m four cases, and  lugher  
m the o ther  four  (wtth A A p H  values ranging  f rom 
--2 .8  to +4.1  mV). A/i n was lower  m the absence  

of  a t rac ty los lde  m seven cases, and  htgher  m one 
case  (with AAfL H values ranging  f rom + 1.8 to -- 8 
mV). A p p h c a t l o n  of  the W d c o x o n  s~gned-rank test 
[44,45] to these da t a  Indicates  that  A~ k and  Aft H 
var ia t ions  were s lgmflcant  ( P  < 0.01 and  P --- 0.02, 
respecUvely) while A p H  vanaUons  were not  ( P  > 
0.10). It m a y  therefore  be  conc luded  that  adenine  
nucleot~de translocat~on per  se causes a depress ton 
of  Aft H essent ia l ly  by  lowermg the electr ical  com-  
p o n e n t  of  Aft H If  za~, A p H  and  Aft H varmt ions  
are  c o m p u t e d  with  reference to Sta te  4 values 0.e.,  
i ncuba t ions  wi thout  A D P ,  hexolonase ,  etc ) the 
same result  is ob ta ined .  

However ,  the present  da t a  are  not  adequa te  to 
p rov ide  a rehable  e suma te  of OAftH//0JATP, 1.e, of 
the  extent  of A/i n decrease  assocmted with a gwen 
ra te  of  A T P  t rans loca t lon .  

The effect of arsenolysts on Aft n 
Table  II  shows the results  of  two typical  experi-  

ments ,  one wtth succmate  and one with g lu tamate  
as substrate ,  uUhzmg arsenate  to s t imula te  A T P  
synthase  act lvt ty  in the absence  of  adenine  
nuc l eoude  t ranspor t .  Phospha te  was ormt ted  f rom 
the m e d m m  m vtew of its c o m p e t m v e  effect w~th 
respect  to a rsena te  [24,46,47]. The  effect of a rsenate  
m a y  be  eva lua ted  by  compar ing  the d a t a  ob t a ined  
m the presence and  absence  of  ohgomycm.  Again ,  

TABLE I 

THE DEPRESSION OF A/i n DUE TO ADENINE NUCLEOTIDE TRANSLOCATION 

(Expt l) Medmm composRion 50 mM KCI, l0 mM Tns-Mops, 40 mM sucrose, l0 mM NH4CI, 2 mM P,-Tns, l0 mM 
a-ketoglutarate, 2 mM malonate, l mM EDTA, 2/~g/mg protein ohgomycm, pH 7 4 When present ADP, 0 5 raM, atractyloslde, 50 
laM T 30°C (Expt 2) Medmm as m Expt l except that l mM EDTA was subsUtuted by l0 mM glucose, 4 mM MgCl 2, 0 5 mM 
EGTA When present ADP, 400/LM, hexokmase exceeding the amount needed to sUmulate maximally resp~raUon m a succmate-con- 
taming medmm T 30°C Values are means + S D for number of deternunauons m parentheses 

AddlUons A6 (mY) ApH (mY) A/i 8 (mV) AA/i H a JATP 

(mV) (nmol/mg 
per mm) 

Expt 1 ADP 1693+40(6) 236+08(6)  1929+41 -36_+ 21 

ADP, atractylostde 175 34- l 4 (6) 21 2 _+ l 6 (6) 196 5 -+ 2 l - 

- 173 4/174 0 19 9/20 6 194 0 - 

Expt 2 Hexokmase, ADP 166 0+ 3 6 (6) 16 6-+ 2 5 (6) 182 6 -+4 4 20 
-57 -+62  

Hexokmase, ADP, atraetyloslde 168 6+3 4 (6) 19 7+2 7 (6) 188 3_+4 3 

- 1729+13(3) 182_+22(3) 191 !_+26 - 

a (Ati H m row l)--(Alg H In row 2) 



64 

TABLE II 

T H E  DEPRESSION OF A/i n D U E  TO ARSENOLYSIS 

(Expt 1) Medmm composltton 75 m M  KC1, 20 m M  Tns-Mops,  2 m M  MgCI 2, 10 m M  succmate-Tns,  40 mM sucrose, 0 5 mM 
EGTA, 50 # M  atractyloslde, pH  7 4 When present arsenate, P,, 2 mM,  ohgomycin, 1 # g / m g  protein T 30°C (Expt 2) Medmm 
composit ion 20 m M  KC1, 120 m M  sucrose, 5 m M  MgCI2, 5 m M  glutamate, 0 5 m M  EGTA, 50/~M atractyloslde, pH 7 4 When 
present arsenate, 2 raM, ohgomycm, 2 /~g /mg protein T 25°C Values are means  + S  D for number  of de te rmmauons  m 
parentheses 

A d d m o n s  A~k (mV) ApH (mY) A/i n (mY) AA#H (mV) Jo 
( n g a t o m / m g  
per nun)  

Expt 1 

Expt 2 

Arsenate 1 7 9 4 + 0 5 ( 3 )  2 0 3 + 1 4 ( 3 )  1 9 9 7 + 1 5  56 
- 6 2 + 2 3  a 

Arsenate, ollgomycln 185 2 + 1 5 (3) 20 7 + 0 7 (3) 205 95:1 7 20 
- 1 0 6  b 

P, 185 4/191 2 23 1/20 9 210 3 19 

Arsenate 1693+1  5 (3) 2 8 0 + 1  i (3) 1973±1  9 27 
- 1 9 5 ± 2 4  a 

Arsenate, ohgomycm 187 1 + 1 0 (3) 29 7 + 1 1 (3) 216 84- 1 5 6 
- 2 0 9  b 

- 175 5 /177  1 43 1 /40 6 218 2 6 

a AA/I n is ~ven  by A/i n m first row minus  A/i n m second row 
b A A ~ n  is defined as (A/i n in first row)--(average A/i n m third row) 

m most cases A~, ApH or A/ i .  differences were 
not large enough, with respect to the associated 
standard deviations, to be considered significant 
on the basis of the Behrens-Student test. However, 
apphcation of the Wilcoxon signed-rank test to the 
whole set of 19 experimental results shows that 
arsenolysls produced significant decreases in both 
A~k, ApH and A/ i ,  ( P < 0 0 1  in all cases). The 
answer provided by the incubations in the pres- 
ence of arsenate + oligomycln is therefore unam- 
biguous, 

An unexpected observation made in these 
experiments IS that addition of oligomycln to State 
4 mitochondria resulted in a statistically sigmfi- 
cant decrease in A~ k ( P  < 0.01) (20 determinations) 
even though respiration was not affected or some- 
what decreased (no such effect is caused by atrac- 
tyloside with any statistical significance) Controls 
showed that this effect is not due to the ethanol 
added together with ohgomycin. In Table II the 
A~b, ApH and A/i n values of State 4 rmtochondria 
are also reported, which may be more appropriate 
to use as reference to evaluate the effect of arsenate. 
It  should be remembered that A~k and A p H  values 
in State 4 depend on whether a permeable weak 

acid is present. It is well known (and cf. Table II) 
that PL and arsenate, by acting as proton careers,  
cause a decrease in A pH and a corresponding 
increase m A~b. AA~ and AApH values obtained 
with reference to State 4 therefore depend on 
whether or not phosphate was present in the State 
4 incubation. Only A/i H values may therefore be 
appropriately compared. 

In a total of 25 determinations, A/i H was always 
lower in the presence of arsenate than in State 4, 
with values of AA/irt ranging from --2 to --26 
mV, and respiratory control ratios (referred to 
State 4 respiration) varying between l 1 and 5.1, 
depending on substrate and concentration of 
arsenate. With succinate as substrate, and 2 mM 
arsenate, A/i H depression (referred to State 4) 
averaged 15 mV (six measurements) with respira- 
tory control ratios between 2.1 and 3 0. When 
referred to arsenate and ohgomycln-supplemented 
mitochondria A/i n depression averaged about l0 
mV. Thus, the presence of arsenate induces a 
decrease in A/i H levels, whether State 4 rmtochon- 
dna  or rmtochondna supplemented with both 
arsenate and ohgomycln are taken as the reference 
state. A rough correlation between the extent of 



A/2 H depression and stlmulauon of respiration was 
observed. 

It may be mentioned that with the same 
mitochondnal  preparations the ADP-lnduced State 
4-Sta te  3 transition, with succmate as substrate, 
was accompamed by a A/2 H depression of about 15 
mV and a respiratory control ratio between 3 and 
4 (Cf. also Ref. 6). The question may arise as to 
whether the depression of A/2 H is due to operation 
of the ATP synthases or to some unspecific mem- 
brane damage due to arsenate The latter hypothe- 
sis lS unhkely m wew of the low concentrattons of 
arsenate used (maximum 2 mM) of the relatively 
short t~me of mcubat~on and of the senstt~wty of 
both A/2 H depression and respiratory stimulation 
to ohgomycin. In control experiments, addition of 
up to 10 mM arsenate to ohgomycln-treated 
mltochondria resulted in no detectable increase in 
the rate of respiration for up to 4 rmn 

The effect of ormthme metabohsm on A f% t 
Table III shows the results of three representa- 

ttve experiments aimed at determimng the effect of 
the ormtlune-citrulhne reaction on the values of 
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A~k, ApH and A/i n and on the rate of respiration. 
Again, the values of these parameters in mitochon- 
dna  metabolizing ormtlune may be compared to 
those m matochondria supplemented with both 
orni thine and ohgomycln,  or in State 4 
mltochondria (without ormtbane or ohgomycln). 
The comparison + ohgomycm was obtained for 
A~k m 24, for ApH m 26 and A/i n in 22 cases. The 
signed-rank test indicates that ormthine metabo- 
hsm induced a statistically nonsignificant decrease 
in A~ k (P  > 0.05), a statlsUcally significant increase 
in ApH (P  < 0.02) and a staustlcally nonslgmfi- 
cant increase m A/i n ( P  > 0.10). Since the shght 
oligomycln-mduced Abi H depression, observed in 
this system also, mtght have masked the ormttune 
effect, the latter was further analyzed by talong 
the values of A~k, ApH and A/2 H of State 4 
rmtochondna as a reference m 16 independent 
experiments The statistical slgmflcance test shows 
m this case significant decreases in Aft and AbiH 
( P  < 0.01) and increase m ApH ( P  < 0.05) m- 
duced by ormthme metabolism. The extent of A/i n 
depression and of respiratory stimulation vaned 
from one rmtochondrial preparation to the other, 

TABLE III 

T H E  EFFECT OF O R N I T H I N E  METABOLISM ON A/i n 

Mechum composmon 50 m M  KCI, 10 m M  (Expts 1 and 2) or 20 m M  (Expt 3) Tns-Mops ,  40 m M  sucrose, 16 m M  KCHO3,  2 m M  
MgCI 2, 2 m M  (Expts 1 and 2) or 1 m M  (Expt 3) P,-Tns, 10 m M  succlnate-Tns,  10 m M  NH4C1, 0 5 m M  EGTA, 50/~M (Expts 1 
and 2) or 10/zM (Expt 3) atractyloslde, pH  7 4 T 30°C When present ormtlune, 10 raM, ohgomycm, I tag/rag protein Values are 
means  + S D for number  of deternunattons m parentheses 

A d d m o n s  AI k (mV) ApH (mY) A/~H (mY) AA/~ H (mY) Jo 
( n g a t o m / m g  
per nun)  

Expt 1 

Expt 2 

Expt 3 

- 189 2/187 9 17 1/16 4 205 3 36 
- 5 3  a 

Ormtlune 178 4 + I 2 (4) 21 6 + 1 7 (4) 200 0 + 2 1 60 
- 0 5 4 - 4 1  b 

Ormtlune,  ohgomycm 183 2-+2 7 (4) 17 3 + 2  3 (4) 200 54-3 5 21 

- 1 8 9 5 + 1 4 ( 3 )  1 9 3 + 0 5  (3) 2088_+1.5 46 
- 1 1 4 _ + 1 9  a 

Ormthme  1784_+02 (3) 190_+1 2 (3) 1974_+ l 2 99 
- 1 2  b 

Ormthme,  ohgomycm 183 0/182.5 15 84-0 3 (3) 198 6 36 

- 1907_+15(4)  2 2 5 + 2 2 ( 4 )  2132 -+27  36 
+ 0 8 + 4 2  a 

Ormthme  1 8 4 1 + 2 7 ( 4 )  2 9 9 _ + 1 7 ( 4 )  2 1 4 0 + 3 2  56 

a Row 2 rmnus row 1 values 
b Row 2 minus  row 3 values 



T
A

B
L

E
 I

V
 

C
O

M
P

A
R

IS
O

N
 O

F
 T

H
E

 E
F

F
E

C
T

S
 O

F
 A

R
S

E
N

O
L

Y
S

IS
 A

N
D

 O
R

N
IT

H
IN

E
 M

E
T

A
B

O
L

IS
M

 O
N

 Z
~#

H
 

M
ed

iu
m

 c
om

po
si

ti
on

 a
s 

in
 T

ab
le

 I
II

, 
E

xp
t 

3,
 e

xc
ep

t 
th

at
 p

ho
sp

ha
te

 w
as

 o
nu

tt
ed

 
W

he
n 

pr
es

en
t 

or
nl

tl
un

e,
 l

0 
m

M
, 

P,
, 

l 
m

M
, 

ar
se

na
te

 1
50

/t
M

 (
E

xp
ts

 
(E

xp
t 

3)
 o

r 
0 

7 
m

M
 (

E
xp

t 
4)

 
A

~
 a

nd
 A

p
H

 v
al

ue
s 

ar
e 

m
ea

ns
 -

+S
 D

 
fo

r 
th

re
e 

(E
xp

t 
l,

 2
 a

nd
 4

) 
or

 f
ou

r 
(E

xp
t 

3)
 d

et
er

m
in

at
io

ns
 

1 
an

d 
2)

, 
1 

m
M

 

A
dd

m
on

s 
A

t/,
 (

m
Y

) 
ap

H
 (

m
V

) 
a/

i n
 (

m
Y

) 
aa

6
 

(m
Y

) 
A

A
p

H
 (

m
Y

) 
aa

#
 H

 (
m

Y
) 

A
A

A
#

 H
 a

 
Jo

 

(m
V

) 
(n

g
at

o
m

/m
g

 
pe

r 
m

ln
) 

E
xp

t 
1 

E
xp

t 
2 

E
xp

t 
3 

E
xp

t 
4 

- 
18

24
_+

01
 

37
2_

+
15

 
21

96
_+

15
 

35
 

-8
4

_
+

0
3

 
+

3
7

_
+

1
6

 
-4

7
_

+
1

6
 

O
rm

tl
un

e 
17

40
_+

03
 

40
9_

+
04

 
21

49
_+

03
 

-2
6

_
+

3
 

1 
48

 
-6

8
+

2
0

 
-0

5
_

+
 l

 7
 

-7
 

3_
+

26
 

A
rs

en
at

e 
17

5 
6-

+
2 

0 
36

7_
+

07
 

21
2 

3-
+

2 
l 

45
 

- 
18

5 
3-

+ 
1 

l 
32

3_
+

17
 

21
7 

6-
+

2 
0 

26
 

-5
7

_
+

1
 

7 
+

4
3

+
1

7
 

-1
4

_
+

2
3

 
O

rm
tM

ne
 

17
96

_+
1 

2 
36

6_
+

03
 

21
62

_+
1 

2 
-7

9
_

+
3

3
 

36
 

-3
2

_
+

1
 

8 
-3

2
_

+
1

 
8 

-9
3

_
+

2
3

 
A

rs
en

at
e 

17
9 

24
- 

l 
0 

29
 1

4-
 0

6
 

20
8 

3 
_+

 1
 2

 
37

 

- 
17

5 
8-

+ 
l 

l 
39

0_
+

08
 

21
48

_+
 l

 4
 

31
 

-1
7

_
+

2
9

 
-9

1
_

+
1

9
 

-1
0

8
_

+
3

5
 

O
rn

lt
lu

ne
, 

P,
 

17
4 

i-
+

2 
7 

29
9_

+
17

 
20

40
_+

3.
2 

-4
1

_
+

5
2

 
56

 
-4

2
_

+
3

 
l 

-1
0

7
+

_
3

3
 

-1
4

9
_

+
3

8
 

A
rs

en
at

e 
17

1 
6-

+1
 5

 
28

3_
+

32
 

19
99

_+
3 

5 
52

 

- 
17

94
_+

1 
4 

35
8_

+
08

 
21

52
_+

1 
6 

27
 

-1
4

_
+

1
5

 
-1

0
9

_
+

l 
5 

-1
2

3
_

+
2

 
1 

O
rm

th
m

e,
 P

, 
17

80
 _

+ 0
 4

 
24

 9
4-

 l 
3 

20
2 

9 
_+

 I 
4 

- 
I 

0 
_+

 3 
I 

5 
I 

-4
5

_
+

1
6

 
-8

8
_

+
1

7
 

-1
3

3
_

+
2

3
 

A
rs

en
at

e 
17

49
_+

0 
7 

27
 0

-+
 l 

5 
20

1 
9

+
 l

 7
 

49
 

A
A

#u
(a

rs
en

at
e)

- 
A

A
#u

(o
rn

lt
hm

e)
 



and depended on whether phosphate was present 
m the medium. Phosphate (1-2  mM) reduced 
higher stimulated and State 4 respirations with 
correspondingly lower A/2 H values. The effect on 
the State 4 parameters is presumably due to some 
ATP synthase actwity occurring even m the ab- 
sence of ornRhane, since ~t Is blocked by ohgomy- 
cm. State 4 resplrauon was lowered by ohgomycln 
whether or not P, was present, so that respiratory 
control ratios obtained by addmon of ohgomycm 
were higher than those calculated on the basis of 
the resting state respiration. In the presence of 1 or 
2 mM P, the former vaned between 2 and 3 (m one 
case 3.2) and the latter between 1.3 and 2.2 (m one 
case 2.5) whale A/2 H variations (referred to State 4) 
ranged between - 2  and - 1 4  mV (average - 7  
mV) 

A pH was measured by acetate &stnbut lon m a 
few experiments. Acetate systematically gave A p H  
values about 20 mV higher than those obtained by 
D M O  dlstnbutlon. Thas discrepancy has already 
been observed by others (Ref 42; cf., however, 
Refs. 37 and 38). Its origin is open to speculation. 
The A pH variation pattern, however, remained the 
same. 

Comparison of the effects of ormthme metabohsm 
and arsenolys,s on Agn 

The AA/2 n data obtained dunng arsenate and 
ornlthane metabolism suggest that these com- 
pounds maght depress A/2 H to different extends 
even while causing slrmlar mcreases in the rate of 
resDratlon. To be vahd, the comparison must be 
performed on the same nutochondrial prepara- 
tions Furthermore, both resting state and stimu- 
lated respiration must be the same, and the same 
medium ought to be used throughout the expen- 
ment. A series of experiments satxsfymg these 
requirements was performed, four of whach are 
presented m Table IV The effect of ormthane may 
be deternuned both m the absence and presence of 
exogenous P,. In the former case the companson  
with the effect of arsenate is straightforward when 
using a concentration of arsenate which gives the 
same rate of respiration as 10 mM ormthme (see 
Expts 1 and 2 m Table IV). In the latter case a 
correct comparison reqmres a concentraUon of 
arsenate which gwes the same respiration as 
ornithine plus 1 mM P,. As menUoned m the 
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preceding sectxon, phosphate causes a certain 
amount  of ATP synthase activity in State 4 
nntochondna  isolated from liver of rats kept on a 
protein-nch diet. AA/2 H values are then properly 
calculated by subtracting the A/2 H measured m 
State 4 without phosphate from the values mea- 
sured in the presence of either arsenate or ornlthme 
plus P,. 

The effects of arsenate and ornlthane without 
exogenous P, were compared m five experiments. 
A/2 H was lowered more by arsenate then by 
ornlthane m four cases, and less in one case In 
eight further experiments we compared the effects 
of arsenate and ormthine + P,. A/2 H was lowered 
more by arsenate m seven cases and more by 
orn~thane + P, m one case Neither of these two 
sets of experiments, taken alone, proves that a 
stat~stlcally slgmflcant difference exists between 
the effects of arsenate and ormthane ( +  P,) on 
A/2 H. If the two sets are combined, however, apph- 
cation of the Wdcoxon test xn&cates that a slgmfi- 
cant difference exasts ( P  = 0.02). Values of AAA/2 u 
( = A/1/2 H (arsenate) - A A/2 H (ormthlne))  range 
from + 3.5 t o -  12.6 mV 

If  AA/2 H for the ormthine experiments is calcu- 
lated with reference to Pi-supplemented State 4 
ml tochondna in those cases m which phosphate 
was present, the difference obviously remains sm- 
mficant ( P  < 0.01) 

Discussion 

Our results in&cate that both adenine nucleo- 
tade translocatlon and ATP synthase-catalyzed 
ATP synthesis are accompamed by A/2 H depres- 
sion, wxth respect to State 4 levels, in rat liver 
rmtochondna.  This conclusion is in quahtatxve 
agreement with the chenuosmotlc hypothesis. The 
vanabihty  of the AA/2 H measurements, a conse- 
quence of the small extent of the variations, does 
not allow the estabhshment with certainty whether 
the A/2 H depression dunng adenine nucleotxde 
translocaUon and ATP synthesis is proportional to 
the net number  of charges beheved to be trans- 
ported across the mitochondnal  membrane during 
each event (translocatlon or synthesis). 

ATP-ADP exchange lowers A/2 H by decreasing 
its electrical component,  A~k, as expected of an 
electrophoretlc process and in agreement with pre- 
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wous findings [9,48]. The data obtained m experi- 
ments revolving ornithme metabohsm may be 
compared to those recently reported in the htera- 
ture. Duszynski et al [10] observed, before ad&- 
tion of ornithine, a A+ of 166 mV and a ApH of 
52 mV During ormthine metabohsm Aq~ was 
depressed by 14 mV to 152 mV, whde ApH re- 
mained constant. On the other hand, Wdhamson 
et al. [19] found a much smaller A~p depression, say 
3 -4  mV, essentially balanced by the increase m 
ApH. Hence, in these latter experiments, cltrullme 
synthesis and the accompanying respiratory stimu- 
lation were not paralleled by A/i n depression. 

Among our experiments some may be found 
which agree rather closely with the results of 
Duszynskl et al. (e.g., Expt 2 m Table III) and 
others whach resemble instead those of Wilhamson 
et al (e.g, Expt. 3 m Table III) Experimental 
vanabd~ty may thus account for such &screpan- 
cles. Statlsucal analysis of a large body of experi- 
mental results leads to the conclusion that ormthine 
metabohsm causes both a zapH increase and a 
A/i n decrease with respect to State 4, as illustrated 
by Expts. 1 m Table III and 1 and 2 m Table IV 

The increase m A pH following ormthine ad&- 
tlon xs presumably hnked to its transport, the 
mechamsm of which has not been completely 
clarified. Gamble and Lehnmger [49] proposed an 
electrophoretlc uptake m response to the negative- 
reside A~b, but more recently evidence has been 
put forward m favor of an o rn l thme /H ÷ antxport 
(or uptake of the uncharged form m ornlthme) [50] 
and an ormthme/cl t rulhne exchange [51 ]. The rise 
of A pH supports the wew that ormthme uptake 
occurs at least partly m exchange for protons. The 
s~multaneous flows of ammonm and b~carbonate 
may also affect A pH. Metabolite transport would 
thus help to sustain ,~1/2 H Analogous processes 
have already been observed (e.g., see Ref, 52) 

Our data also indicate that somewhat different 
changes of A/i N are associated with the same 
stimulation of resplrat~on depending on whether 
they are brought about by supplying arsenate or 
ormthine to matochondrta from the hver of rats 
kept on a high-protein diet. The two separate sets 
of comparisons mentioned m Results (w~th 
ormthine + P,), taken separately, mdxcate that this 
conclusion m uncertaan. However, this may well be 
due to the small size of the samples. Thetr combx- 

nation into one set is perrmss~ble, given the way 
the Aza/2 n values were calculated, and when this ~s 
done the result becomes significant. 

This observation Is m constrast w~th the classi- 
cal chemlosmotic model, and ~t ~s remanescent of 
the different correlaUons between rate of respira- 
tion and A/i n reported by some authors [1,3,38,53] 
depending on whether respiration was stimulated 
by uncouplers or by the induction of ATP synthe- 
s~s. In the present work respiration ~s sUmulated 
via the ATP synthases m both cases, so that allo- 
stenc effects by the adenine nucleotldes [1,54] 
cannot provide an explanation 

The &screpancy between the arsenate and 
ornlthine data may become mtelhgable ff other 
mechamst~c schemes for energy transductlon, e.g, 
Scheme I, are considered. Scheme I [54] represents 

~ox 

A~, H 

AGp 

~ ,~/28-generatmg or 
,, R " A/iN -dissipating reactions 

Scheme I 

in essence a 'macro' or 'locahzed chemaosmos~s' 
model. The assumption made is that the pertinent 
mterme&ate for energy transfer between AGox and 
AGp is a locahzed transmembrane electrochenucal 
proton gra&ent, A~ H [54,55], which 'commum- 
cates' with bulk-phase AtiH but never reaches ther- 
modynanuc eqmhbnum with is due to the pres- 
ence of a resistance to equdlbratlon and of A/i N- 
dissipating and -generating reactions, represented 
by the curved arrow. The model predicts phos- 
phorylatlon to cause a depression of bulk-phase 
A/i N. Thas depression is furthermore predicted to 
be the same, at equivalent rates of respiration and 
respiratory stimulation, in the two experiments 
(arsenolysls and ornithme metabohsm). The dis- 
crepancy w~th thas pre&ctlon can be explained on 
the basis of the following reasomng. Arsenolys~s 
and ormtbane metabohsm at eqmvalent rates lead 
to the same depression of A~ a, the relevant mter- 
medmte. The disequlhbnum between A~ H and 



A/i H IS, however, smaller dunng ornithine trans- 
port, due to the ormthine-H + exchange reaction, 
which 'generates' ApH (i.e., A/ill), partially offset- 
tmg A/in-dissipating reactions. Thus, equal extents 
of respiratory stimulation are accompamed by the 
same decrease m A X n, but by different changes of 
zi/in. 

In conclusion, the present data (a) confirm that 
the ademne nucleoUde exchange is an electro- 
phoretlc process and (b) provade further lnforma- 
tmn as to the flow-force relauonship dunng oxada- 
twe phosphorylation. Due to the smallness of the 
A/i N changes during activatmn of ATP synthesis, 
cauUon is needed before drawing firm conclusmns 
as to the role of A/i n as the only relevant mter- 
medmte m oxidatwe phosphorylatlon It seems, 
however, that if the discrepancy found m the 
present mvest~gatmn is confirmed and extended, it 
will be necessary to develop a more sophisucated 
elaboratmn of this concept 

Acknlowledgements 

We would hke to thank Drs. H. Westerhoff and 
J. Duszynslo for helpful discussmns, Mr. L. Preg- 
nolato and Mr. M. Santato for expert technical 
assistance and Mrs. Franca Schlavon Mazzan for 
typing the manuscript. We are particularly grateful 
to Professor B A. Melandn for help m setting up 
the TPMP electrode. 

References 

I Padan, E and Rottenberg, H (1973)Eur J Blochem 40, 
431-437 

2 Johnson, R N  and Hansford, R G  (1977) Blochem J 164, 
305-322 

3 Azzone, G F ,  Pozzan, T ,  Massan, S and Bragadm, M 
(1978) Blochtm Bmphys Acta 501,296-306 

4 Van Dam, K Westerhoff, H V,  Krab, K ,  Van der Meer, R 
and Arents, J C (1980) Bloclum Blophys Acta 591, 
240-250 

5 Kuster, U ,  Letko, G ,  Kunz, W, Duszynski, J ,  Bogucka, 
K and Wojtzak, L (1981) Bloclum Blophys Acta 636, 
32-38 

6 Zorattl, M,  Pletrobon, D and Azzone, G F (1982) Eur J 
Bmehem 126, 443-451 

7 YaguzhmskJj, L S, Krasmskaya, I P,  Oragunova, S F ,  
Zmehertko, V P and Yevtodlyenko, YuV (1980) Bin- 
physics 24, ! 130-1133 

8 Nlcholls, D G  (1974)Eur J Blochem 50, 306-315 
9 Khngenberg, M (1980) J Membrane Bml 56, 97-105 

69 

10 Duszynskt, J., Bogucka, K ,  Letko, G ,  Kuster, U ,  Kunz, 
W and Wojtczak, L (1981) Blochim Bmphys Acta 637, 
217-223 

I1 Hmkle, P C  and Yu, M L  (1979) J Btol Chem 254, 
2450-2455 

12 Rottenberg, H and Gutman, M (1977) Blochermstry 16, 
3220-3227 

13 Sorgato, M C ,  Ferguson, S J ,  Kell, D B  and John, P 
(1978) Blochem J 174, 237-256 

14 Porus, A R and MeCarty, R E (1974) J Blol Chem 249, 
6250-6254 

15 Lelser, M and Gromet-Elhanan, Z (1977) Arch Blochem 
Bmphys 178, 79-88 

16 Cmllo, V P and Gromet-Elhanan, Z (1981) Blochlm BlO- 
phys Acta 636, 244-253 (1981) 

17 Kell, D B ,  Ferguson, SJ  and John, P (1978) Bloclum 
Blophys Acta 502, 111-126 

18 Kell, D B,  John, P and Ferguson, S J (1978) Blochem J 
174, 257-266 

19 Wllhamson, J R,  Stemman, R,  Coil, K and Rach, T (1981) 
J Blol Chem 256, 7287-7297 (1975) 

20 Lehnmger, A L Blochermstry, 2nd edn, ch 17, Worth 
Pubhshers, New York 

21 Hunter, F E,  Jr and Hlxon, W J (1949) J Blol Chem 181, 
67-79 

22 Hoek, J B,  Ernster, L,  De Haan, E J  and Tager, J M 
(1974) Bloclum Blophys Acta 333, 546-549 

23 De Haan, E J  and Tager, J M  (1968) Bloclum Blophys 
Acta 153, 98-112 

24 Crane, R K  and Llpmann, F (1953) J Blol Chem 201, 
235-243 

25 Bruin, A and Azzone, G F (1964)Bloelum Blophys Acta 
93, 462-474 

26 Warburg, O and Chnsuan, W (1939) Blochem Z 303, 
40-68 

27 Moore, S A and Gresser, M J (1982) Fed Proc 41, 749, 
Abstr 2795 

28 Lehnmger, A L (1975) Blochermstry, 2nd edn., eh 21, 
Worth Pubhshers, New York 

29 Wanders, J A ,  Van Woerkam, G M,  Nooteboom, R F., 
Meljter, A J  and Tager, J M  (1981) Eur J Blochem 113, 
295 - 302 

30 Massan, S, Balbom, E and Azzone, G F (1972) Bloclum 
Bmphys Acta 283, 16-22 

31 Estabrook, R W,  Wdhamson, J R ,  Frenkel, R and Mmtra, 
P K (1967) Methods Enzymol 10, 474-482 

32 Azzone, G F ,  Pozzan, T ,  Bragadm, M and Deil'Antone, P 
(1977) Bloclum Blophys Acta 459, 96-103 

33 Addanla, S, Cahtll, F D and Sotos, J F (1968) J Blol 
Chem 243, 2337-2348 

34 Nlcholls, D G (1974) Eur J Blochem 50, 305-315 
35 Addankt, S, Caluil, F D and Sotos, J F (1967) Sctence 155, 

1678-1679 
36 Ptetrobon, D ,  Zoratla, M., Azzone, G F ,  Stucka, J.W and 

Walz, D (1982) Eur J Bloehem 127, 483-494 
37 Wilson, D F and Forman, N G (1982) Bloehemtstry 21, 

1438-1444 
38 Hohan, A and Wilson, D F (1980) Bloehermstry 19, 

4213-4221 



70 

39 Casadlo, R ,  Venturoh, G and Melandn, B A (1981) Pho- 
tobiochem Photobmphys 2, 245-253 

40 Rottenberg, H (1979) Methods Enzymol 55, 547-569 
41 Tedeschl, H (1965) J Cell Blol 25, 229-242 
42 Halestrap, A P (1978) Blochem J 172, 389-398 
43 Fisher, R A  and Yates, F (1963) Statistical Tables for 

Blologdcal, Agricultural and Medical Research, 6th edn, 
Oliver and Boyd, London 

44 Cain, R B (1972) Elementary Statistical Concepts, W B 
Saunders, Pluladelphla 

45 Colquhon, D (1971) Lectures on Blostaties, Clarendon 
Press, Oxford 

46 Ter Welle, H F and Slater, E.C (1967) Bloclum Biophys 
Aeta 143, 1-17 

47 Mitchell, R A,  Chang, B F ,  Huang, C N and De Master, 
E G (1971) Blochermstry 10, 2049-2054 

48 Lans, PC (1977)Biochim Blophys Acta 459, 110-118 

49 Gamble, J G  and Lehnmger, A L  (1973) J Blol Chem 
248, 610-618 

50 McGlvan, J D,  Bradford, N M and Beavls, A D (1977) 
Btochem J 162, 147-156 

51 Bradford, N M and McGwan, J D (1982) FEBS Lett 140, 
270-272 

52 Bnnk, T and Komngs, W N  (1980) Eur J Blochem 111, 
59-66 

53 Zorattl, M,  Pletrobon, D ,  Conover, T and Azzone, G F 
(1981) m Vectorial Reactions m Electron and Ion Transport 
in Mltochondna and Bacteria (Palmlen, F ,  Quaghanello, 
E,  Slhprandl, N and Slater, E C ,  eds), pp 331-338, 
Elsevier/Nor th.Holland, Amsterdam 

54 Westerhoff, H V,  Slmonettt, A L M ancJ Van Dam, K 
(1981) Blochem J 200, 193-202 

55 Azzone, G F ,  Pozzan, T and Massan, S (1978) Bloclum 
Blophys Acta 501,307-316 


