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The effect of ATP synthesis on Aji,; 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 Afi,; 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 1t 1s generally accepted that operation of
the redox and ATPase H* pumps gives rise to the
formation of an H™ electrochemical gradient, Afi,,
across the energy-transducing membrane of
mitochondrnia, chloroplasts and bacteria, the mech-
anmism by which these pumps are coupled 1s still a
matter of debate. The answer as to whether Afiy
acts as the sole competent intermediate coupling
the redox and ATPase H* pumps may be sought
by analyzing the flow-force relationship during
ATP synthesis [1-5]. This analysis has recently
been mmitiated by our group [6] and results have
been obtained which cannot be accounted for by

Abbreviations TPMP, triphenylmethylphosphomum, DMO,
5.5-dimethyloxazohdine-2,4-dione, 44 iy (44y, AApH), van-
ation of iy (4y, ApH) with respect to State 4 levels, J_, rate
of oxygen consumption, J, rp, rate of ATP production (translo-
cation), Mops, 4-morpholinepropanesulfomc acid
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the chemiosmotic hypothesis 1n 1ts simple, classical
form The present work 1s an extension of the
preceding study.

If Afiy 1s the only intermediate in energy trans-
duction, 1t is predicted that when operation of one
pump 1s driven backwards or, strictly speaking,
thermodynamically reversed, by operation of the
other, a depression of Aji, should occur This has
in fact been observed, and 1t 1s now generally
accepted that in the stationary state for phos-
phorylation the level of Afi 1s lower than n static
head (State 4) mitochondria. The extent of A,
depression 1s controversial, ranging from 2-5 mV
[1,7] to 50 mV [8]. (In our hands about 15-20 mV
[6]). In the chemiosmotic view this Aji; depres-
sion 1s essentially a consequence of charge translo-
cation across the membrane.

Two distinct charge-translocating processes
which occur during phosphorylation of external
ADP tend to lower Afi,;: (1) the ATP-ADP ex-
change which results 1n the extrusion of one nega-
tive charge per ATP exported via the adenine
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nucleotide translocase [9] and (1i) 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.

Determination of Aji,; depression during ATP
synthesis 1 the absence of transport has been
carried out in submutochondnal particles [13],
chloroplasts [14], chromatophores [15-17] and
bacterial vesicles [18]. In rat liver mitochondra,
sttmulation of ATP synthase activity coupled to
carbamoyl phosphate production has been used as
a tool to obtain the same type of information.
However, contrasting results have been reported:
Duszynski et al. [10] found a considerable Ajfi,
depression, while Williamson et al. [19] did not A
clarification of the effects of ATP synthesis and
transport on Aji, is important as a test of the
chemiosmotic model and for the interpretation of
the results presented in Ref. 6. Afi,; depression
was therefore measured under conditions either of
net ATP extrusion via the adenmine nucleotide car-
rier (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 Ajfi,, requires generation of ATP within the
matrix 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, which generates one molecule of
ATP for each molecule of a-ketoglutarate con-
verted to succinate [20). The reaction 1s favored by
maintaining the NAD(P)*/NAD(P)H pool
oxidized through the reductive amination 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 inhibiting
succinate oxidation, malonate favors a-keto-
glutarate transport [23]. The ATPase H* pump 1s
blocked by oligomycin while transport of endoge-
nously synthesized ATP 1s facilitated by maintain-
ing a low ATP/ADP ratio in the outer aqueous
phase. The effect of adenine nucleotide exchange
on Afi, can then be estimated by comparing the

values of Afi; under conditions of maximal rate of
transport and of transport inhibition by atractylo-
side.

Isolation n intact mitochondria of the effect of
ATP synthesis through the ATPase H* pump, in
the absence of adenine nucleotide exchange, has
been achieved in two ways. One involves the use of
arsenate, a well known uncoupler of oxidative
phosphorylation [24]. Addition of 1-2 mM
arsenate to mitochondria results in a marked
atractyloside-insensitive, oligomycin-sensitive
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’) 1n
the mitochondnal matnx. The rate of respiration
1s therefore a function of the rate of AsADP
synthesis, which 1n turn 1s equal to the rate of
hydrolysis. Thus, addition of arsenate to atrac-
tyloside-supplemented mitochondna 1s equivalent
to generating an endogenous ATPase activity.

The second approach used 1n the present study
1s based on the operation of part of the urea cycle.
In mitochondria 1solated from the liver of rats
kept on a high-protein diet, the ATP-requiring
conversion of ornithine to citrulline [28] proceeds
at a fairly rapid rate [10,19]. The reaction leads to
a lowering of the matrix ATP/ADP ratio [29] and
to an atractyloside-insensitive, ohgomycin-sensi-
tive stimulation of respiration.

Materials

Liver mitochondna from male albino Wistar
rats were prepared according to a standard proce-
dure [30] in a medium containing 0 25 M sucrose,
10 mM Tns-HCl (pH 74), 0.1 mM EGTA and
01% bovine serum albumun. Bovine serum al-
bumin and EGTA were omitted 1n the last wash-
ing. Rats utiized for the ornithine experiments
were kept on a high-protein diet (approx. 40%
total proteins) supplied by Piccion: (Brescia, Italy)
for 2-8 weeks before killing. Protein concentration
was determined by the bwuret method vs. a bovine
serum albumin standard All reagents and inhibi-
tors used were of the maximum purnty commercial
grade. Triphenyl['4C]methylphosphonium 1odide
was synthesized by Dr. M. Beltrame. Other radio-



actively labelled compounds were obtained from
Amersham.

Medium compositium 1s indicated 1n the legends
to the tables. Care was taken not to vary the pH of
the suspensions by any addition.

Monitoring the reactions

Rates of respiration 1n the arsenate and
ornithine experiments were estimated from the
decrease 1n 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 min of n-
cubation. In the case of the ornithine reaction, the
rate of respiration increased gradually over an
approx 1 mun period, and then stabilized Add:-
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 mun).

To determine the rate of adenine nucleotide
exchange in the translocation experiments, suspen-
sions of mitochondna (2 or 4 mg/ml) were 1n-
cubated 1n the substrate level phosphorylation
medium (see legend to Table I) in a thermostati-
cally controlled vessel with magnetic stirring The
medwum contained either 1 mM EDTA to seques-
ter Mg2* and thus mhibit adenylate kinase activ-
ity, or MgCl,, glucose and an excess of hexokinase.
The reaction was started by the addition of ADP
after a 3 mun incubation 1-ml samples of the
suspension were withdrawn at time intervals and
quenched with perchloric acid. After neutrahza-
tion with KOH /triethanolamine, 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 oligomycin and atrac-
tyloside. Controls were carried out to ascertain
that the concentrations of oligomycin and atrac-
tyloside used were sufficient to block completely
phosphorylation and transport, respectively. In the
case of expeniments involving substrate level phos-
phorylation, complete blockage of the ATP syn-
thases was checked by incubating mitochondna in
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a succinate (+rotenone, +oligomycin) medium
and verifying that no ATP was produced

Determination of Afi,

The transmembrane electrical potential gradi-
ent, Ay was determined from the distribution be-
tween mutochondrial matrix and medium of the
labeled lipophilic cation triphenyl[' C]methyl-
phosphonium (['*C]JTPMP) (002 pCi/ml) [32]
The transmembrane proton affimty gradient, ApH,
was evaluated from the distrubition of 5,5-['4Cldi-
methyloxazolidine-2,4-dione  (['*C]DMO) (0.05
pnC1/ml) [33] or of [*H]acetate [34] Mitochondna
were ncubated, in the approprniate medium, in
polyethylene centrifuge tubes (4 mg protemn in 2
ml), kept in a thermostatically controlled bath.
The reaction of interest was started by the addi-
tion of either ADP, arsenate or ornithine A suffi-
cient time (2-3 mun) was allowed to elapse to
ensure attainment of steady state for respiration or
adenine nucleotide exchange. The mitochondna
were then separated from the suspension medium
by centrifugation 1n the S-12 rotor of a Sorvall
RCI12 Supercentrifuge at 18-19-10° rpm. for 2
mn 100-u1 aliquots of the supernatant were placed
in scintillation vials along with 2 ml of Insta-Gel
scntillation fhiud (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 this time. The dissolved pellets were
quantitatively transferred to scintillation vials con-
taining 100 pl H,O 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
calibration curves to correct for fluorescence
quenching effects. All measurements were done at
least in duplhcate (see tables). Each experiment
reported was performed utilizing one
mitochondrial preparation and measuring rates of
respiration or adenine nucleotide translocation and
Af n parallel. ApH measurements are strongly
dependent on the correction applied to com-
pensate for the contribution of the medium trapped
in the pellet. To estimate better the in-
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termitochondrial volume, all incubations contain-
ing '4C-labelled probes were supplemented with
3H,0 (02 uCi/ml) The intermitochondrial space
for each pellet was then estimated from the dif-
ference between the total pellet volume, measured
by tntiated water, and the matrix volume (see
below). This procedure could not be followed when
[3H]Jacetate was used to measured ApH For this
reason, acetate-based ApH measurements showed
considerable scatter among duplicate samples

The distribution of labelled DMO was mea-
sured 1n State 4 mitochondria either at a constant
concentration of ['*C]DMO and with increasing
concentrations of unlabelled DMO (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, 1t 1s
straightforward to derive the relationship

dpmgmlr

dpmr X dpm® +dpm§, .4

dpmf{,, =
where dpm? , 1s the total amount of '*C radioac-
tivity found 1n the pellet, dpm§,,, the part of this
radioactivity due to ApH-driven DMO accumula-
tion and any ‘non-saturable’ binding, dpm}, ., the
amount incorporated because of saturable binding
phenomena, and dpm® the radioactivity found n 1
pl of supernatant In agreement with Ref 35, a
plot of dpm? , vs. dpm® gave a straight hne going
through the ongin, as expected if ApH does not
vary and DMO does not bind in a saturable
manner On the basis of the experimental ap-
proach described 1n Ref. 6, we tend to discount the
possibility of unsaturable binding as well There-
fore, no binding corrections were appled to the
DMO data. Similar controls were not performed
for acetate

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

lower Ay values, but has no effect on differences
between them. For example, take entries 1 and 2
n Table I (Expt. 1). If two-thirds of the radioactiv-
ity found 1n the pellets were considered to be due
to binding, the 4y 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
explicit, and probably erroneous, assumption that
the activity coefficients and the standard chemucal
potentials for the probe molecules in the inner and
outer compartments are equal.

In a few experiments Ay was continuously fol-
lowed with a TPMP-sensitive electrode, contructed
essentially according to Ref. 39. An Ornon Ion
Analyzer 92-20 was used as electrode body, and a
Beckman combination H* electrode as reference
Initial TPMP concentration in these determuna-
ttons was 10 puM Results obtained utilizing this
method were in excellent agreement with those
obtained using ['*CJTPMP.

Mitochondrial matrix volume 1s most often de-
termuned from the difference between *H,O-per-
meable and ['*C]sucrose-permeable spaces [40]
Since the permeability of the inner membrane to
sucrose 1s not neghgible [6,36,41,42], ['*C]ATP
was used nstead. 200 uM atractyloside and 2 mM
adenine nucleotides were included in the medium
to prevent operation of the translocator and bind-
ing of the labelled compound. ['*CJATP was ad-
ded to the mutochondnal suspension immediately
before centrifugation. The protein content of the
pellets was determined 1n a parallel sample. With
this method mitochondria 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 02 ul/mg. The
volumes measured for State 4 mitochondna and
mitochondria supplemented with ornithine,
ormithine + oligomycin, arsenate or arsenate +
oligomycin 1n the appropriate reaction media were
all the same within experimental error, namely,
0.5-0.55 pl/mg protein. In all our calculations we
therefore used this value. The method cannot be
applied to adenine nucleotide-translocating
mutochondria, for which a volume of 05 pl/mg
was also assumed



Results

The effect of adenine nucleotide translocation on
iy

A proper evaluation of the effect of adenine
nucleotide translocation of Ag, 1s provided by
comparison of the values obtained 1n the presence
and absence of the specific transport inhibitor,
atractyloside. Table I shows the results of two
typical experiments; Aji, values for State 4
mitochondna are included for comparison. Due to
the smallness of the change and its nature as a
composite quantity, the translocation-induced Ay
depression was nearly always smaller than its
standard deviation. The Ajfi,; vanation was not
significant according to the Behrens-Student test
[43] applied to any given experiment.

A more rewarding approach 1nvolves apph-
cation of statistical significance tests to the com-
plete set of our data. Ay and ApH vanations were
measured 1n eight independent experiments, and
the Ay vanation only 1n a ninth experiment. In all
nine cases Ay was lower 1n the absence than in the
presence of atractyloside (with AAy values ranging
from —2.2 to —12.1 mV) ApH was lower 1n the
absence of atractyloside in four cases, and higher
in the other four (with AApH values ranging from
—2.8to +4.1 mV). Aji, was lower in the absence

TABLE |
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of atractyloside 1n seven cases, and higher 1n one
case (with AAfi, values ranging from +1.8 to —8
mV). Application of the Wilcoxon signed-rank test
[44,45] to these data indicates that Ay and Ajiy
variations were significant (P <0.01 and P = 0.02,
respectively) while ApH varnations were not (P >
0.10). It may therefore be concluded that adenine
nucleotide translocation per se causes a depression
of Afi, essentially by lowering the electrical com-
ponent of Afy, If Ay, ApH and Aji vanations
are computed with reference to State 4 values (1.e.,
incubations without ADP, hexokinase, etc) the
same result 1s obtained.

However, the present data are not adequate to
provide a rehable estimate of dAfi,;/3J,1p, 1€, Of
the extent of Afi,; decrease associated with a given
rate of ATP translocation.

The effect of arsenolysis on Afi,

Table II shows the results of two typical expern-
ments, one with succinate and one with glutamate
as substrate, utilizing arsenate to stimulate ATP
synthase activity 1n the absence of ademne
nucleotide transport. Phosphate was omitted from
the medium 1n view of 1ts competitive effect with
respect to arsenate [24,46,47). The effect of arsenate
may be evaluated by comparing the data obtained
1n the presence and absence of oligomycin. Again,

THE DEPRESSION OF Ajiy; DUE TO ADENINE NUCLEOTIDE TRANSLOCATION

(Expt 1) Medium composition 50 mM KCI, 10 mM Tns-Mops, 40 mM sucrose, 10 mM NH,Ci, 2 mM P-Tns, 10 mM
a-ketoglutarate, 2 mM malonate, | mM EDTA, 2 ug/mg protein oligomycin, pH 74 When present ADP, 0 5 mM, atractyloside, 50
pM T 30°C (Expt 2) Medium as in Expt 1 except that | mM EDTA was substituted by 10 mM glucose, 4 mM MgCl,, 0 5 mM
EGTA When present ADP, 400 uM, hexokinase exceeding the amount needed to stimulate maximally respiration 1n a succinate-con-
taining medium 7T 30°C Values are means +S D for number of determinations in parentheses

Additions Ay (mV) ApH (mV) Afiy (mV) Adfy Jatp
(mV) (nmol/mg
per min)

Expt 1 ADP 1693+40 (6) 236108 (6) 1929+41 364 21

ADP, atractyloside 1753+14(6) 212416 (6) 196 5+21 -

- 1734/1740 199/206 1940 -
Expt 2 Hexokinase, ADP 166 0+ 36 (6) 166425 (6) 1826444 57462 20

Hexokinase, ADP, atractyloside 1686 +3 4 (6) 197427 (6) 1883+43 -

- 1729+13 (3) 182+22(3) 1911426 -

? (Afiy ntow 1)—(4fiy 1n row 2)
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TABLE 11
THE DEPRESSION OF 4jiy; DUE TO ARSENOLYSIS

(Expt 1) Medium composition 75 mM KCl, 20 mM Tns-Mops, 2 mM MgCl,, 10 mM succinate-Trnis, 40 mM sucrose, 0 5 mM
EGTA, 50 uM atractyloside, pH 74 When present arsenate, P,, 2 mM, oligomycin, 1 pg/mg protein T 30°C (Expt 2) Medium
composition 20 mM KCl, 120 mM sucrose, 5 mM MgCl,, 5 mM glutamate, 0 5 mM EGTA, 50 uM atractyloside, pH 74 When
present arsenate, 2 mM, oligomycin, 2 pg/mg protetn T 25°C Values are means +SD for number of determinations in

parentheses
Additions Ay (mV) ApH (mV) Afiy (mV) Adjy (mV) J,
(ngatom,/mg
per mun)
Expt 1 Arsenate 1794105 (3) 203+14(3) 1997415 56
-62+23%
Arsenate, ohgomycin 1852+15(3) 207407 (3) 2059+17 20
-106°
P, 1854/1912 231/209 2103 19
Expt 2 Arsenate 1693+15(3) 280+11(3) 1973+19 27
-195+24°%
Arsenate, ohgomycin 1871410 (3) 297+11(3) 2168415 6
-209°
- 1755/177 1 431/406 2182 6

® AAjiy 1s given by Afiy n first row minus Afiy 1n second row

® AAfy 1s defined as (Ajfiy 1n first row)—(average Ajiy 1n third row)

in most cases Ay, ApH or Aj, 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,
application of the Wilcoxon signed-rank test to the
whole set of 19 experimental results shows that
arsenolysis produced significant decreases in both
Ay, ApH and Afiy (P <001 1n all cases). The
answer provided by the incubations in the pres-
ence of arsenate +oligomycin 1s therefore unam-
biguous.

An unexpected observation made in these
experiments 1s that addition of oligomycin to State
4 mutochondria resulted 1n a statistically sigmifi-
cant decrease in Ay ( P < 0.01) (20 determinations)
even though respiration was not affected or some-
what decreased (no such effect 1s caused by atrac-
tyloside with any statistical significance) Controls
showed that this effect 1s not due to the ethanol
added together with ohgomycin. In Table II the
Ay, ApH and Afy values of State 4 mitochondna
are also reported, which may be more appropriate
to use as reference to evaluate the effect of arsenate.
It should be remembered that 4y and ApH values
in State 4 depend on whether a permeable weak

acid is present. It 1s well known (and cf. Table II)
that P, and arsenate, by acting as proton carriers,
cause a decrease in ApH and a corresponding
increase 1n 4y. AAyYy and AApH values obtained
with reference to State 4 therefore depend on
whether or not phosphate was present 1n the State
4 1ncubation. Only Af, values may therefore be
appropnately compared.

In a total of 25 determnations, 4i,; was always
lower 1n the presence of arsenate than in State 4,
with values of AAj,; ranging from —2 to —26
mV, and respiratory control ratios (referred to
State 4 respiration) varying between 11 and 5.1,
depending on substrate and concentration of
arsenate. With succinate as substrate, and 2 mM
arsenate, Afiy depression (referred to State 4)
averaged 15 mV (six measurements) with respira-
tory control ratios between 2.1 and 30. When
referred to arsenate and oligomycin-supplemented
mitochondria Afi,; depression averaged about 10
mV. Thus, the presence of arsenate induces a
decrease 1n Afiy levels, whether State 4 mitochon-
dna or mitochondnia supplemented with both
arsenate and oligomycin are taken as the reference
state. A rough correlation between the extent of



Afi, depression and stimulation of respiration was
observed.

It may be mentioned that with the same
mitochondnal preparations the ADP-induced State
4_State 3 transition, with succinate as substrate,
was accompanied by a Aji 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 Ajiy 1s due to operation
of the ATP synthases or to some unspecific mem-
brane damage due to arsenate The latter hypothe-
s1s 1s unhkely in view of the low concentrations of
arsenate used (maximum 2 mM) of the relatively
short time of incubation and of the sensitivity of
both Ajiy, depression and respiratory stimulation
to oligomycin. In control experiments, addition of
up to 10 mM arsenate to oligomycin-treated
mitochondria resulted 1n no detectable increase 1n
the rate of respiration for up to 4 mun

The effect of ormthine metabolism on Afi

Table III shows the results of three representa-
tive experiments aimed at determining the effect of
the ornithine-citrulline reaction on the values of

TABLE III
THE EFFECT OF ORNITHINE METABOLISM ON Ajiy,
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Ay, ApH and Aji; and on the rate of respiration,
Again, the values of these parameters in mitochon-
dria metabolizing ormithine may be compared to
those 1n mutochondria supplemented with both
ornithine and olgomycin, or in State 4
mitochondria (without ornithine or ohgomycin),
The comparison +oligomycin was obtained for
Ay 1n 24, for ApH 1n 26 and Ay 1n 22 cases. The
signed-rank test indicates that ornithine metabo-
lism 1mnduced a statistically nonsignificant decrease
mn Ay (P > 0.05), a statistically significant increase
in ApH (P <0.02) and a statistically nonsignifi-
cant increase mn Afy (P > 0.10). Since the shght
oligomycin-induced A4jfi,; depression, observed in
this system also, mught have masked the ornithine
effect, the latter was further analyzed by taking
the values of Ay, ApH and A, of State 4
mitochondna as a reference in 16 independent
experiments The statistical significance test shows
in this case significant decreases in Ay and Afy,
(P <001) and increase m ApH (P <0.05) n-
duced by ormithine metabolism. The extent of Afiy
depression and of respiratory stimulation varied
from one mitochondrial preparation to the other,

Medium composition 50 mM KCl, 10 mM (Expts 1 and 2) or 20 mM (Expt 3) Tris-Mops, 40 mM sucrose, 16 mM KCHO,, 2 mM
MgCl,, 2 mM (Expts 1 and 2) or 1 mM (Expt 3) P,-Tns, 10 mM succinate-Tns, 10 mM NH,C], 0 5 mM EGTA, 50 uM (Expts 1
and 2) or 10 uM (Expt 3) atractyloside, pH 74 T 30°C When present ormithine, 10 mM, oligomycin, 1 pg/mg protein Values are

means +S D for number of determinations 1n parentheses

Additions Ay (mV) ApH (mV) Ajfiy (mV) AAjiy (mV) J,
(ngatom/mg
per min)

Expt 1 - 1892/1879 171/16 4 2053 36
—-532
Ornithine 17841412 (4) 216417 (4) 2000421 60
-05+41°
Ormthine, ohgomycin 1832+27 (4) 173+£23 4) 2005435 21
Expt 2 - 1895+14 (3) 193+05(3) 2088+1.5 46
—-114419%
Ormthine 1784102 (3) 190412 (3) 1974112 99
—12°®
Ormthine, ohigomycin 1830/182.5 15 i'&;tO 3(3) 198 6 36
Expt 3 - 1907+15(4)  225+22(4) 2132427 36
+08+422
Ormithine 1841427 (4) 299417 (4 2140+32 56

® Row 2 munus row | values
b Row 2 munus row 3 values
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and depended on whether phosphate was present
in the medium. Phosphate (1-2 mM) induced
higher stimulated and State 4 respirations with
correspondingly lower Afi,; values. The effect on
the State 4 parameters 1s presumably due to some
ATP synthase activity occurring even 1n the ab-
sence of ornithine, since 1t 1s blocked by oligomy-
cin. State 4 respiration was lowered by oligomycin
whether or not P, was present, so that respiratory
control ratios obtained by addition of oligomycin
were higher than those calculated on the basis of
the resting state respiration. In the presence of 1 or
2 mM P, the former vanied between 2 and 3 (in one
case 3.2) and the latter between 1.3 and 2.2 (1n one
case 2.5) while Aji; vanations (referred to State 4)
ranged between —2 and —14 mV (average —7
mV)

ApH was measured by acetate distribution 1n a
few experiments. Acetate systematically gave ApH
values about 20 mV higher than those obtained by
DMO distribution. This discrepancy has already
been observed by others (Ref 42; cf., however,
Refs. 37 and 38). Its origin is open to speculation.
The ApH vanation pattern, however, remained the
same.

Comparison of the effects of ormthine metabolism
and arsenolysis on Ajfiy,

The AAjiy data obtamned duning arsenate and
ormithine metabolism suggest that these com-
pounds mught depress Afi, to different extends
even while causing similar increases in the rate of
respiration. To be vald, the companson must be
performed on the same mutochondrial 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 satisfying these
requirements was performed, four of which are
presented 1n Table IV The effect of ornithine may
be determined both in the absence and presence of
exogenous P,. In the former case the comparison
with the effect of arsenate is straightforward when
using a concentration of arsenate which gives the
same rate of respiration as 10 mM ormithine (see
Expts 1 and 2 in Table 1V). In the latter case a
correct comparison requires a concentration of
arsenate which gives the same respiration as
ornithine plus 1 mM P,. As mentioned 1n the
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preceding section, phosphate causes a certain
amount of ATP synthase activity in State 4
mitochondrnia isolated from liver of rats kept on a
protein-rich diet. AAfi,; values are then properly
calculated by subtracting the Af, measured in
State 4 without phosphate from the values mea-
sured 1n the presence of either arsenate or ornithine
plus P,.

The effects of arsenate and ormithine without
exogenous P, were compared in five experiments.
Afi; was lowered more by arsenate then by
ornithine in four cases, and less in one case In
eight further experiments we compared the effects
of arsenate and ornmithine +P,. Aji; was lowered
more by arsenate 1n seven cases and more by
ornithine + P, 1n one case Neither of these two
sets of experiments, taken alone, proves that a
statistically sigmficant difference exists between
the effects of arsenate and ormithine (+P,) on
Afiy. If the two sets are combined, however, apph-
cation of the Wilcoxon test indicates that a sigmifi-
cant difference exists (P = 0.02). Values of AAAji,,
(= AAji,(arsenate) — AAjiy(ornithine)) range
from +3.5 to— 12.6 mV

If AAfi, for the ornithine experiments 1s calcu-
lated with reference to P-supplemented State 4
mutochondria 1n those cases in which phosphate
was present, the difference obviously remains sig-
mficant (P < 0.01)

Discussion

Our results indicate that both adenine nucleo-
tide translocation and ATP synthase-catalyzed
ATP synthesis are accompanied by Afi,; depres-
ston, with respect to State 4 levels, 1in rat liver
mutochondna. This conclusion 1s 1n qualitative
agreement with the chemiosmotic hypothesis. The
variability of the AAjfi,; measurements, a conse-
quence of the small extent of the variations, does
not allow the establishment with certainty whether
the Afi,; depression during adenine nucleotide
translocation and ATP synthesis 1s proportional to
the net number of charges believed to be trans-
ported across the mitochondrial membrane during
each event (translocation or synthesis).

ATP-ADP exchange lowers Afiy by decreasing
its electnical component, Ay, as expected of an
electrophoretic process and in agreement with pre-
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vious findings [9,48]. The data obtained 1n exper-
ments mvolving ornithine metabolism may be
compared to those recently reported 1n the litera-
ture. Duszynski et al [10] observed, before addi-
tion of ornithine, a Ay of 166 mV and a ApH of
52 mV Durning ornithine metabolism Ay was
depressed by 14 mV to 152 mV, while ApH re-
mained constant. On the other hand, Wilhamson
et al. [19] found a much smaller Ay depression, say
3-4 mV, essentially balanced by the increase in
ApH. Hence, 1n these latter experiments, citrulline
synthesis and the accompanying respiratory stimu-
lation were not paralleled by Aji,; depression.

Among our experiments some may be found
which agree rather closely with the results of
Duszynski et al. (e.g., Expt 2 in Table III) and
others which resemble instead those of Willlamson
et al (e.g, Expt. 3 in Table III) Experimental
variability may thus account for such discrepan-
cies. Statistical analysis of a large body of exper:-
mental results leads to the conclusion that ormithine
metabolism causes both a ApH increase and a
Ay decrease with respect to State 4, as 1llustrated
by Expts. 1 1n Table III and 1 and 2 1n Table IV

The 1ncrease in ApH following ornithine addi-
tion 1s presumably linked to its transport, the
mechanism of which has not been completely
clanfied. Gamble and Lehnminger [49] proposed an
electrophoretic uptake 1n response to the negative-
mside Ay, but more recently evidence has been
put forward in favor of an ormithine/H™ antiport
(or uptake of the uncharged form in ornithine) [50]
and an ornmithine /citrulline exchange [51]. The rise
of ApH supports the view that ornithine uptake
occurs at least partly in exchange for protons. The
simultaneous flows of ammoma and bicarbonate
may also affect ApH. Metabolite transport would
thus help to sustain Afiy; Analogous processes
have already been observed (e.g., see Ref. 52)

Our data also indicate that somewhat different
changes of Aji,; are associated with the same
stimulation of respiration depending on whether
they are brought about by supplying arsenate or
ormithine to mitochondna from the liver of rats
kept on a high-protein diet. The two separate sets
of comparisons mentioned 1n Results (with
ormithine + P,), taken separately, indicate that this
conclusion 1n uncertain. However, this may well be
due to the small size of the samples. Their combi-

nation imnto one set 1s permussible, given the way
the A4 i values were calculated, and when this 1s
done the result becomes significant.

This observation 1s 1n constrast with the classi-
cal chemiosmotic model, and 1t 1s reminescent of
the different correlations between rate of respira-
tion and Ay reported by some authors [1,3,38,53]
depending on whether respiration was stimulated
by uncouplers or by the induction of ATP synthe-
s1s. In the present work respiration 1s stimulated
via the ATP synthases in both cases, so that allo-
steric effects by the adenmne nucleotides [1,54]
cannot provide an explanation

The discrepancy between the arsenate and
ornithine data may become intelligible if other
mechanistic schemes for energy transduction, e.g,
Scheme I, are considered. Scheme I [54] represents

AG,,

Ak, < R A Ajfiy-generating or
j\ H H ~dissipating reactions

4G,

Scheme I

mn essence a ‘mucro’ or ‘localized chemiosmosis’
model. The assumption made 1s that the pertinent
intermediate for energy transfer between AG,, and
4G, 1s a localized transmembrane electrochemical
proton gradient, AXH [54,55], which ‘commum-
cates’ with bulk-phase Ajiy but never reaches ther-
modynamuc equilibrium with 1s due to the pres-
ence of a resistance to equilibration and of Afi,-
disstpating and -generating reactions, represented
by the curved arrow. The model predicts phos-
phorylation to cause a depression of bulk-phase
Ajiy. This depression 1s furthermore predicted to
be the same, at equivalent rates of respiration and
respiratory stimulation, in the two experiments
(arsenolysis and ornithine metabolism). The dis-
crepancy with this prediction can be explained on
the basis of the following reasoming. Arsenolysis
and ormithine metabolism at equivalent rates lead
to the same depression of AX u» the relevant inter-
mediate. The disequilibrium between AX, and



Afiy 15, however, smaller during ornithine trans-
port, due to the ornithine-H* exchange reaction,
which ‘generates’ ApH (i.e., Afiy), partially offset-
ting 4/ ;-dissipating reactions. Thus, equal extents
of respiratory stimulation are accompanied by the
same decrease 1n AX};, but by different changes of
Afiy.

In conclusion, the present data (a) confirm that
the adenine nucleotide exchange 1s an electro-
phoretic process and (b) provide further informa-
tion as to the flow-force relationship during oxida-
tive phosphorylation. Due to the smallness of the
4fiy changes during activation of ATP synthests,
caution is needed before drawing firm conclusions
as to the role of Afi,; as the only relevant inter-
mediate 1n oxidative phosphorylation It seems,
however, that if the discrepancy found in the
present investigation 1s confirmed and extended, it
will be necessary to develop a more sophisticated
elaboration of this concept
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