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Relationship of Transmembrane pH and Electrical Gradients with
Respiration and Adenosine 5’-Triphosphate Synthesis in Mitochondria’

Andrij Holian* and David F. Wilson

ABSTRACT: The mechanism of mitochondrial oxidative
phosphorylation and its regulation have been studied by using
suspensions of isolated rat liver mitochondria. Parallel mea-
surements were made of mitochondrial volume, respiration,
transmembrane pH and electrical gradients, and adenosine
¥-triphosphate (ATP), adenosine 5’-diphosphate (ADP), and
inorganic phosphate (P;) concentrations under various ex-
perimental conditions. The transmembrane electrical gradients
were calculated from the equilibrium distributions of [*H]-
triphenylmethylphosphonium (TPMP?), [*H]tribenzyl-
methylammonium (TBMA™), and K* (plus valinomycin). The
transmembrane distributions of labeled acetate, methylamine,
and 5,5-dimethyloxazolidine-2,4-dione were used for the

’I;]C obligatory parameters of any intermediate(s) (I) between
the oxidation-reduction reactions and ATP synthesis in mi-
tochondrial oxidative phosphorylation can be determined from
accurate kinetic and thermodynamic (free energy) measure-
ments. Experimental evidence has been obtained that the first
two sites of oxidative phosphorylation are in near equilibrium
(Erecinska et al., 1974; Wilson et al., 1974a,b), and the overall
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calculation of pH gradients. Evaluation of the data shows that
the respiratory rate is strictly correlated with [ATP]/
([ADP][P;]) (free energy of ATP synthesis), whereas there
is no consistent correlation between the transmembrane
electrical potential, the pH gradient, or the total “protonmotive
force™ (Auy*) and the respiratory rate. Thermodynamic
analysis indicates that, in order for the proton electrochemical
gradient to serve as an intermediate in ATP synthesis, from
three to seven H* would have to be transported per each ATP
synthesized, depending on the experimental conditions, These
results suggest that the proton electrochemical gradient may
not serve as a primary intermediate in oxidative phosphory-
lation.

rate of oxidative phosphorylation is regulated by extramito-
chondrial (Holian et al., 1977; Owen & Wilson, 1974; Wilson
et al., 1977) or cytosolic (Wilson et al., 1974a,b; Erecinska
et al.,, 1977) [ATP]}/([ADP][P;]). Therefore, intermediates
in oxidative phosphorylation must fit the required relationship
for the free energy change in the oxidation-reduction reactions
to that utilized in ATP synthesis

AGog = AG; = AGarp (1)

where AGg_g, AGy, and AG,1p are the free energy changes
associated with the oxidation-reduction reactions, the inter-

© 1980 American Chemical Society
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mediates (1), and ATP synthesis, respectively, Moreover in
any process which dissipates AG; without interferring with the
ATP synthesis reactions, AG 41p must decrease parallel to AG,.

Mitchell (1968) and Mitchell & Moyle (1969) have pro-
posed that proton transport and its associated “protonmotive
force” (Auy*), which is the sum of the mitochondrial trans-
membrane pH and electrical (E) gradients, is the primary
intermediate in oxidative phosphorylation. Direct measure-
ments of the transmembrane electrical potential with mi-
croelectrodes are impractical but have been used in “giant”
mitochondria where they indicate a low transmembrane po-
tential (<60 mV) (Kinnally et al., 1978).

Measurements with fluorescent dyes have provided a variety
of values for the electrical component of the protonmotive force
in mitochondrial (Kinnally & Tedeschi, 1976; Kinnally et al.,
1978; Laris et al., 1975; Maloff et al., 1978) and submito-
chondrial particles (Bashford & Thayer, 1977), which prob-
ably reflects their sensitivity to other membrane properties
rather than strictly to the membrane potential (Hoffman &
Laris, 1974). Inorganic ions have been used extensively to
measure the transmembrane electrical potential in mito-
chondria (Azzone et al., 1978a,b; Nicholls, 1974; Padan &
Rottenberg, 1973; Rottenberg, 1970, 1973; Rottenberg &
Scarpa, 1974) but have come under criticism for lack of
definitive knowledge on the mechanism(s) of transport (Diwan
& Tedeschi, 1975; Tedeschi, 1975). Lipophilic ions were first
used by Skulachev and co-workers (Bakeeva et al., 1970:
Grinius et al., 1971; Skulachev, 1971) for the measurement
of transmembrane electrical gradients. They have been used
to measure electrical potentials in mitochondria (Azzone et
al,, 1976, 1978a,b), inverted inner mitochondrial membrane
vesicles (Wehrle et al., 1978), submitochondrial particles
(Azzone et al., 1978c¢; Grinius et al., 1970), and a variety of
other systems (Deutsch et al.. 1979: Deutsch & Kula. 1978:
Lombardi et al., 1974; Schuldiner & Kaback, 1975). The use
of lipophilic ions allows accurate measurement of the trans-
membrane electrical potential which is not subject to other
membrane properties, including transport, as long as care is
taken 1o correct for membrane binding of the probes (Deutsch
et al., 1979; Levine et al., 1979). Weak acid and weak base
distributions across membranes have been used widely for the
measurement of transmembrane pH gradients since first in-
troduced by Waddel & Butler (1959).

The [H*]/[ATP] ratios which would be required for the
proton gradient to act as an intermediate in oxidative phos-
phorylation have been calculated from the reported values of
Apy* and range from 2.0 (Laris et al., 1975; Mitchell, 1968:
Nicholls, 1974) to >15 (Kinnally & Tedeschi, 1976). Inde-
pendent measurements of proton movement in mitochondria
have given H* /site values from 2 (Moyle & Mitchell, 1973.
1978: Thayer & Hinkle, 1973) to 4 (Brand et al., 1976a.b:
Reynafarje & Lehninger, 1978: Vercesi et al., 1978).

Unfortunately, this multiplicity of the reported values and
the lack, in some cases. of essential measurements (such as
intramitochondrial volume) require that comprehensive
measurements be made in order to determine (1) whether Auy*
fulfills the free energy requirements for an intermediate in
oxidative phosphorylation (eq 1) and (2) the minimum value
and reproducibility of the [H*]/[ATP] ratios.

Materials and Methods

Mirochondrial Preparation and Respiration Measurements.
Mitochondria were isolated from rat liver according to the
method of Schneider (1948). Mitochondria were suspended
at a protein concentration of 30-65 mg/mL in a medium of
0.25 M sucrose, 5 mM KCI. 5 mM morpholinopropane-
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sulfonate (Mops), and 0.2 mM ethylenediaminetetraacetate
(EDTA) at pH 7.0 (unless otherwise noted). Respiratory
control values were 6-10 with glutamate plus malate as sub-
strates. Protein was determined by the biuret method (Gornall
et al., 1949) with crystalline bovine serum albumin as a
standard.

Experiments were conducted after diluting the mitochondrial
suspension to a protein concentration of 5-16 mg/mL in an
oxygen-saturated medium consisting of 0.225 M mannitol,
0.075 M sucrose, 5.0 mM Mops, 1.0 mM acetate, and 0.2 mM
EDTA at pH 7.0 with 10 mM glutamate and 10 mM malate
as substrates or other media as described in the text. Oxygen
consumption was measured by using a Yellow Springs In-
strument Co. oxygen electrode in a 1.2-mL glass chamber from
Gilson Medical Electronics. The electronics for the oxygen
measurements were designed and built by the Johnson Re-
search Foundation instrument shop.

Mitochondrial Volume Measurements. Intramitochondrial
water was measured for conditions identical with those used
in measurements of transmembrane electrical potential, pH
gradient, and [ATP]/([ADP][P;]). After mitochondria and
medium were added to the oxygen electrode chamber, sub-
strates were added along with 1.5 mM P, 3.0 mM ATP,
catalase, and enough H,O, to bring the oxygen concentration
to ~1 mM. A “modifier” of mitochondrial function was then
added along with 2 X 10”7 M valinomycin and finally 1.5 mM
ADP. When the extramitochondrial pH was varied, the
mitochondria were first diluted to 10 mg/mL, then 10 mM
glutamate, 10 mM malate, 3.0 mM ATP, and 1.5 mM P, were
added, and aliquots were adjusted to pH 6.5 or 7.6. When
the osmolarity of the extramitochondrial medium was varied,
in either ionic medium (117 mM KCl, 33 mM NaCl, 5 mM
Mops, 0.2 mM EDTA, and 1 mM sodium acetate, pH 7.0)
or sucrose—mannitol medium, the mitochondria were isolated
in sucrose medium (see Mitochondrial Preparations and
Respiration Measurements) and then after 30 min they were
diluted 10-fold in the indicated medium, recentrifuged, and
resuspended in the same medium (all at 0-4 °C). The os-
molarity was varied by adding H,O to the medium. For all
the conditions, respiration after ADP addition was allowed to
return to minimal rates (state 4), and then samples for the
various assays were taken during steady-state conditions,
Aliquots (0.25 mL) of mitochondrial suspensions were
quenched by a 1-min centrifugation in an Eppendorf microfuge
through silicone oil (versilube F-50, or a combination of silicone
oils giving a specific gravity of 1.015 when ionic media were
used, General Electric) in 400-uL polyethylene tubes and
treated as described previously (Deutsch et al., 1979). Initial
conditions were chosen (3.0 mM ATP, 1.5 mM P, 1.5 mM
ADP, and low mitochondrial protein concentration) such that
in the final steady-state conditions the intramitochondrial
adenine nucleotides did not contribute significantly to the total
amounts present in the reaction mixture. All experiments
consisted of triplicate sets of measurements.

Matrix water was determined from the distribution of
[PH]H,0 by using ['*C]sucrose as the extramatrix marker.
Radioactive counting was done with Aqueous Counting So-
lution from Amersham in a Searle Delta 300 scintillation
counter.

Measurements of Transmembrane Electrical and pH
Gradients. The transmembrane electrical gradient was cal-
culated from the distribution of K* (plus valinomycin) or
triphenylmethylphosphonium (TPMP?*) or tribenzylmethyl-
ammonium (TBMA™) ions between the supernatant and pellet
fractions.
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The effect of varying external [K*] was determined by
incubating mitochondrial suspensions at 5 mg/mL in 120, 45,
10, and 1 mM KCl solutions, while adjusting the mannitol and
sucrose concentrations to keep osmotic strength constant, plus
5.0 mM Mops, 0.2 mM EDTA, and 1.0 mM acetate, pH 7.0.
The suspensions at various [K*] were incubated without added
substrate in the presence of 15 uM rotenone plus 2 X 107 M
valinomycin for 3 min and then centrifuged and treated as
described previously for the measurement of intramitochondrial
water spaces.

For K* measurements, 100-pL aliquots of supernatant were
placed in 2.5-5.0 mL of 0.1 N HNO;. The pellets were
digested with 50 uL of concentrated HNQ,, incubated for 2
h at 60 °C, and then diluted with 5-10 mL of H,O. Mea-
surements were made with a Varian 1200 atomic absorption
spectrophotometer. Standard curves were established by using
K™ solutions of 0.01-0.15 mM KCl.

Transmembrane pH gradients were determined from the
measured radioactive distributions of [*H]- or ["“C]acetate,
[**C]methylamine, and ['*C]-5,5-dimethyloxazolidine-2,4-
dione (DMO). The supernatants and pellets from the electrical
and pH probes were treated in a similar fashion as described
for volume measurements. The pH gradients were calculated
from eq 2 (Waddell & Butler, 1959):

ApH = log ([H*];/[H"],) (2)

The total proton electrochemical gradient (Auy*) was calcu-
lated from the sum of the ApH and E:

Apy* = RT/F In ([H*],/[H"]o) + E (3)
or
Aug* = -n(RT In ((H*];/[H*]o) + FE) 4)

Detailed explanation of the theory of these techniques can be
found in a number of publications (Deutsch et al., 1979;
Skulachev 1971; Waddell & Butler, 1959).
Measurements of [ATP]/([ADP][P;]). [ATP]/
([ADP][P}}) ratios were calculated from measurements of total
ATP, ADP, and P; from deproteinized samples. The free
energy of ATP hydrolysis was calculated on the basis of a AG®’
of —8.4 kcal/mol for very low [Mg?*] (Guynn & Veech, 1973).
Aliquots (1 mL) of mitochondrial suspensions were quenched
in cold (4 °C) perchloric acid (0.15 mL of 40%), centrifuged
to remove precipitated protein, neutralized with K,CO; and
triethanolamine, and then assayed for ATP, ADP, and P,
Inorganic phosphate was assayed by the method of Martin &
Doty (1949). ATP and ADP were assayed according to the
procedures of Lamprecht & Trautschold (1963) and Adam
(1963), respectively. At the time of centrifugation the oxygen
concentration was usually between 300 and 500 uM, an
amount sufficient for at least 3 min of respiration. This
permitted ample time for penetration of the mitochondria
through the silicone oil layer before the oxygen could be de-
pleted. All assays were carried out with a Shimadzu Spec-
tronic 210 digital double-beam spectrophotometer.
Reagents. [3H]H,0, ['*C]sucrose, ['*C]lacetate, [!*C]-
methylamine, and [*C]DMO were all obtained from New
England Nuclear. The substrates glutamic acid and malic acid
were obtained from Sigma Chemical Co. (St. Louis), as were
valinomycin, ATP, ADP, Mops, mannitol, and trizma base.
The enzymes and reagents for the ATP and ADP assays were
also obtained from Sigma Chemical Co. [*H]TPMP* was
kindly donated by Dr. H. R. Kaback, Roche Institute of
Molecular Biology, Nutley, NJ. Nigericin was generously
supplied by Dr. P. Hammill, Eli Lily Co., Indianapolis, IN.
[*’H]TBMA™I~ was synthesized by one of us (D.F.W.) by a

U T T T T 1
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FIGURE 1: TPMP? electrical potential vs. K* diffusion potential.
Mitochondrial suspensions (5 mg/mL) were incubated at various [K*)
for 3 min in the presence of 15 uM rotenone (no added substrate)
and 2 X 1077 M valinomycin for measurement of volumes, TPMP*
electrical potential, and [K*]. The osmotic strength of the various
media was kept constant by adjusting the sucrose and mannitol
concentrations while still using 5.0 mM Mops, 1.0 mM acetate, and
0.2 mM EDTA (pH 7.0). Each point represents one set of deter-
minations of volume, TPMP* distribution, and [K*].

method similar to that of Birkofer (1942). Parallel synthesis
of unlabeled TBMA*I- gave a crystalline solid which melts
at 186 °C in agreement with the literature values. The un-
coupler 5-chloro-3-tert-butyl-2’-chloro-4’-nitrosalicylanilide
(S-13) was the generous gift of Dr. P, Hamm of Monsanto
Chemical Co.

Results

The Transmembrane Electrical Gradient from TPMP*
Distributions at Varying [K*] Gradients (Plus Valinomycin).
The data obtained from parallel measurements of mitochon-
drial volume and TPMP* and K* distributions at varying [K*]
are presented in Figure 1 as the calculated transmembrane
electrical potentials from the TPMP* vs. K* distribution.
These determinations were conducted without added substrate
and in the presence of rotenone in order to limit the available
energy supply (there was no measureable oxygen consump-
tion). However, the remaining endogenous energy supply was
sufficient so that neither the mitochondrial water volume nor
internal [K*] remained constant but each increased over
twofold with increasing extramitochondrial [K*]. At a
measured external [K*] of 1.6 mM the internal [K*] was 97
mM, while at 42 mM external [K*] the internal [K*] was 200
mM. When the calculated Nearnst potentials for K* and
TPMP™ distribution are plotted against each other (Figure
1), the points fail along a line with a slope of ~0.85 and a
y axis intercept of >0.

In the remainder of the results, values of the calculated £
from the TPMP* distribution are both given without correction .
and corrected for binding based on Figure 1. In Tables I-IV
the uncorrected values are given in parentheses next to the
corresponding corrected values.

Effects of an Uncoupler (S-13), Valinomycin and Increasing
[K*], Nigericin, Sodium Nitrate, and Sodium Acetate on
Thermodynamic Parameters of Isolated Mitochondria. Un-
coupler. Measurements (state 4) of mitochondrial volumes,
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Table I. Effect of §-13, Valinomycin and Increasing [K*], Nigericin, Sodium Nitrate, and Sodium Acetate on Thermodynamic Parametersd

transmembrane electrical and H* electrochem gradients (mV)

log
uL of matrix TPMP* K nmol of O, [ATP]_
condition H,0/mg ApH E AuH E Apgt  min! mg™' [ADP][Pj]
(A) control 0.87+0.16 —-0.70:0.09 -156:3 (-183:+3) -197+8 ~138:+2 ~179+5 7.6 £0.5 5.35:0.24
0.45uMS-13  095:0.12 -0.62:0.06 —-1366 (-165+6) —172+9 ~133:4 -169+1 184=0.5 4.93=0.25
0.75 M S813  0.89+0.23 -0.56+0.08 ~120z6 (-152:6) —152+10 -125:6 —157+5 25.7+1.8 4.17:0.19
113 uyM §13  0.75:0.17 ~0.45+0.04 —104:+3 (-138+3) —~130+6 ~-120:x3 -146+3 32.9:23 3.52:0.21
(B) control 0.57+0.07 -0.71+0.03 -173+5 (=197:5) —-214+6 3.7+ 0.6 5.540.22
2x 100" M 0.96 + 0.07 —-0.68:0.05 -150+3 (-=177+3) —-189+5 -140+4 -180+7 6.2+1.7 5.39+0.10
valinomycin
2x10"M 1.14 £ 0.02 —-0.68+0.09 -122:+2 (-153+2) -161+4 -113:z4 -151:2 10.4+0.9 5.37+0.08
valinomycin
+ 2.5 mMK*
2x 100" M 1.26 + 0.02 —-0.67+0.01 -102:4 (-136=z4) —140+=5 -98+4 -137:x4 14.8:0.8 4.50:0.56
valinomycin
+5.0mMK*
(C) control 0.65+0 —0.83+0.12 —-159+6 (-185x6) -207+13 ~152:+11 -200z18 8305 5.30:0.28
2x 1008 M 0.58+ 0 -0.79+0.17 —-160+6 (-186+6) ~206=x9 —-134:+5 -180+13 103:1.2 5400 6
nigericin
5x10*M 041+0.09 -070+0.11 -174+6 (~198:7) -214:+9 ~126+6 -—167=12 124+1.6 5.11+0.30
nigericin
1x10"M 0.31+0.09 -0.84=0.17 —184=+7 (-206+7) —-233+16 -124:+8 -173:+17 13.8+2.0 5.20x0.31
nigericin
2x 10" M 0.20+0.02 -035+0.23 -193+2 (-214+2) -213+12 -108x5 —128+17 16.6x2.5 4.02:0.22
nigericin
(D) 15 mM sodium 0.53+0.18 —1.05+0.06 -156+7 (-182:+7) -217+9 ~149+8 -209+11 7.2+0.8 5.35x0.04
nitrate
0.075 mMso- 0.67+0.10 -0.84+0.08 ~149z4 (-176+4) -198+8 =-145+4 —193:+8 6.1+0.8 5.39=0.09
dium acetate
0.75 mM sodi- 0.69 £ 0.09 -0.69:0.06 ~-150+2 (-177+2) -190+5 —-146x3 —186=5 6.4+ 09 537+0.06
um acetate
60 mM sodium 0.80+0.12 —-0.42:0.03 —-147:+1 (-174z1) -171+1 ~-145:+1 -170z4 9.0+ 1.0 5.07 +0.07
acetate
¢ Effects on mitochondrial matrix volume, transmembrane electrical and pH gradients, respiration, and [ATP]/([ADP] [P;]). Measure-

ments were carried out on suspensions of mitochondria treated with (A) an uncoupler (S-13), (B) valinomycin and increasing external [K*],

(C) nigericin, and (D) sodium nitrate and increasing concentrations of sodium acetate.

The mitochondria were suspended in an oxygen-

saturated medium of 0.225 M mannitol, 0.075 M sucrose, 5.0 mM Mops, 1.0 mM acetate, and 0.2 mM EDTA (pH 7.0) to a protein concentra-
tion of 16 mg/mL. Glutamate and malate, 10 mM each, were added along with 1.5 mM P;, 3.0 mM ATP, catalase, and enough H,0O, to reach
~1 mM oxygen concentration. Then 2 X 107" M valinomycin [except for the control in (B)] was added along with the §-13, K*, nigericin,
sodium nitrate or sodium acetate, and then 1.5 mM ADP. Aficr respiration returned to minimal rates (state 4), three 0.25-mL aliquots were

taken for the desired type of assay and treated as described under Materials and Methods.
rate experiments except for part C where five experiments were done.

The data represent the mean = SD of three sepa-

respiration, [ATP]/([ADP][P;]), and transmembrane elec-
trical and pH gradients were made under various experimental
conditions. Table I (A) summarizes the data obtained by
using S-13, a potent uncoupler. The relatively high concen-
trations of S-13 used in these experiments are required by the
high protein concentrations. The uncoupler S-13 is essentially
water insoluble, and the titer is dependent on the mitochondrial
protein concentration (Wilson, 1969). The matrix water
volume initially increases at 0.45 uM S-13 and then decreases
by 12% at 1.13 uM S-13. Levels of S-13 which gave inhibition
of respiration (data not presented here) result in a 90% de-
crease of the control matrix water volume.

Control mitochondria, at an external pH of 7.0, gave a
measured internal pH of 7.70 which shifted to pH 7.45 with
1.13 uM S-13. The transmembrane electrical gradient de-
creased 52 and 18 mV (more positive) as measured with
TPMP™* and K™, respectively, upon addition of 1.13 uM S-13
compared to the control. Respiration steadily increased and
the [ATP]/([ADP][P;]) ratio steadily decreased as the un-
coupler concentration was increased.

Valinomycin Plus K*. The addition of valinomycin to
mitochondria [Table I (B)] resulted in a significant increase
of matrix volume and decrease in electrical potential as
measured by TPMP*. There was a minimal increase in res-
piration, a decrease in [ATP]/([ADP][P;]), and no change

in the transmembrane pH gradient. These trends continued
as the external [K*] was increased by adding 2.5 and 5.0 mM
K* to the | mM K* already present in the external medium.
At the highest {K*], the mitochondrial volume had increased
2.2-fold over that of the control, and the calculated trans-
membrane electrical potential had become over 60 mV more
positive as measured with either TPMP* or K* distributions.
There was no change in the transmembrane pH gradient and
minimal change in [ATP]/([ADP][P}]) as the external K* was
increased, the latter consistent with the observed stimulation
of respiration.

Nigericin. Nigericin, in the presence of 2 X 1077 M vali-
nomycin, produced markedly different and more complex
changes than addition of valinomycin by itself [Table I (C)].
As the nigericin concentration was increased, the matrix water
volume decreased almost 70% (these volume changes limit the
usefulness of experiments using higher concentrations of ni-
gericin), the transmembrane electrical potential became 29
mV more negative with TPMP* and 44 mV more positive with
K*, respiration increased slightly, and [ATP]/([ADP][P;])
declined slightly. The pH gradient remained constant up to
1 X 1077 M nigericin and then shifted 0.49 pH unit more acidic
with 2 X 1077 M nigericin.

Nitrate and Acetate. Experiments with sodium nitrate and
sodium acetate [Table I (D)] resulted in changes only in the
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Table II; Comparison of Three pH Probes for
Gradient Measurements®

uL of nmol

matrix apH of O,

H,0/ methyl- min*

condition mg acetate amine DMO mg

15 mM sodium 0.48 -1.05 -0.74 -1.10 3.5
nitrate

0.075 mM sodium 0.59 -0.84 -~0.53 -0.80 4.8
acetate

0.75 mM sodium 0.69 -0.69 -046 -0.71 4.7
acetate

60 mM sodium 0.81 -0.42 -0.38 -0.52 7.1
acetate

@ Evaluation of three different probes of transmembrane pH
gradient measurements. Mitochondria were suspended in an
oxygen-saturated medium of 0.225 M mannitol, 0.075 M sucrose,
5.0 mM Mops, 1.0 mM acetate, and 0.2 mM EDTA (pH 7.0) to a
protein concentration of 16 mg/mL. Glutamate and malate, 10
mM each, were added along with 1.5 mM Pj, 3.0 mM ATP, cata-
lase, and enough H,0, to reach ~1 mM oxygen concentration.
Then 2 x 1077 M valinomycin was added along with the sodium
nitrate or sodium acetate and then 1.5 mM ADP. Respiration was
allowed to return to minimal rates (state 4), and then three 0.25-
mL aliquots were taken for volume and pH gradient assays using
[**C} methylamine and [ '*C] dimethyloxazolidine-2,4-dione and
treated as described under Materials and Methods. The data re-
present the average of two experiments. The ['*C] acetate data
were taken from Table I (D).

matrix water volume and the transmembrane pH gradient. In
changing from a medium containing 15 mM sodium nitrate
to media containing up to 60 mM sodium acetate, the volume
increased (maximum change 50%) and the internal pH became
more acidic (by 0.63 pH unit).

Comparison of Different Probes for Measurement of pH
Gradients. Since ['*Clacetate was used to measure the pH
gradient even when the external acetate concentration in-
creased up to 60 mM, it was important to use alternative
probes to validate the measured pH gradients. For this purpose
[14C}methylamine (a weak base) and {"“C]DMO (a weak acid)
were used under conditions identical with those that generated
Table I (D), and the results are summarized in Table II.

Since methylamine is a weak base, it is excluded when the
intramitochondrial pH is more alkaline than the external
medium, making the intramitochondrial pH values calculated
from its distribution susceptible to error at higher pH gradients.
The calculated values indicate a pH gradient, alkaline inside,
of 0.74 pH unit for 15 mM NaNQ, and 0.38 pH unit for 60
mM acetate. This is in reasonable agreement with the values
of 1.1 and 0.52 pH units calculated from the distribution of
DMO and 1.05 and 0.42 pH units calculated from the dis-
tribution of acetate. The latter (DMO and acetate) are weak

acids and are included with this pH gradient, their distributions
giving the more reliable calculated internal pH values.

Effects of Varying External pH on Mitochondrial Volume,
Respiration, [ATP]/([ADP][P)]), Transmembrane Electrical
Potential, and Transmembrane pH Gradients. The mito-
chondria had a 21% smaller matrix water volume at pH 7.6
compared to pH 6.5, with intermediate values at pH 7.0 (Table
IIT). The pH gradient decreased as the external pH was made
more alkaline, resulting in intramatrix pH values of 7.31, 7.68,
and 8.07, respectively, for medium pH values of 6.5, 7.0, and
7.6. The transmembrane electrical gradient as calculated from
the TPMP* distribution did not appreciably change, while that
calculated from the K* gradient (plus valinomycin) shifted
24-28 mV more positive at pH 7.6 compared to pH 6.5. There
were only small changes in respiration (slightly elevated at pH
7.6) and [ATP]/([ADP][P;]) at the three values tested.

Effect of Changing Composition and Osmolarity of Mito-
chondrial Medium on Matrix Water Volume, Respiration,
[ATP)/({ADP)[P))), and Transmembrane Electrical and pH
Gradients. The osmolarities of the media were altered by
varying the amount of water added to the original media, i.e.,
to 0.350, 0.195, and 0.110 osmolar. The calculated osmo-
larities include contributions from the mitochondrial suspen-
sion, substrates, and ATP. Experiments with the ionic medium
(117 mM KCl, 33 mM NaCl, 5 mM Mops, 0.2 mM EDTA,
and 1 mM sodium acetate, pH 7.0) were evaluated without
valinomycin, while 1 X 1077 M valinomycin was added to the
sucrose-mannitol medium. The data are presented in Table
Iv.

There were no appreciable differences in respiration and
[ATP]/([ADP][P;]) between the media or when the osmo-
larity in either medium was varied. In each case there was
swelling of matrix space when the osmolarity was lowered, with
the changes being more pronounced in the sucrose-mannitol
medium. The transmembrane pH gradients were higher (more
alkaline inside) by ~0.2 pH unit in the sucrose-mannitol
medium, and in both media the pH gradient became slightly
smaller (0.07-0.17 pH unit) as the osmolarity was decreased.
Values of the transmembrane electrical gradients, calculated
from the TPMP™ distribution, were comparable for the two
media and became less negative by 14-19 mV as the osmo-
larity was decreased. The electrical gradients measured from
K* distribution became 38 mV more positive as the osmolarity
was decreased.

Comparison of TPMP*, TBMA*, and K* (Plus Valino-
mycin) for Measurement of the Electrical Potential in a
Choline Chloride Medium. The data in Table IV (C) show
the comparison of the three different probes for evaluating E
in choline chloride medium while varying the external pH and
adding 20 mM sodium acetate. None of the three probes

Table III: Effects of Varying External pH on Mitochondria®

transmembrane electrical and H* electrochem gradients (mV)

log
exter- uL of matrix TPMP” K nmol of O, _[_AEE]___
nalpH H,0/mg ApH E Apg* E Auggt min"' mg' [ADP][P]
6.5 1.18+0.27 -0.81+011 ~137+8 (~166+8 —184:12 ~136:9 ~184 + 13 9.0+ 06 5.95=+0.19
7.0 0.96+0.07 -068:0.05 ~150=3 (-177:3) —189:5 -140: 4 -180+7 6318 539:0.10
76 0902015 -047+0.14 -135+8 (-164:8) -—162:16 ~—112£28 ~-139:36 181:1.8 5432:0.10

¢ Effect of varying external pH on mitochondrial matrix volume, transmembrane electrical and pH gradients, respiration, and [ ATP]/
([ADP] [P;]). Mitochondria were suspended to a protein concentration of 10 mg/mL in an oxygen-saturated medium of 0.225 M mannitol,
0.'075 M sucrose, 5.0 mM Mops, 10 mM acetate, 0.2 mM EDTA, 3.0 mM ATP, 10 mM glutamate, 10 mM malate, and 1.5 mM P;. Then
allqugts were adjusted to pH 6.5 and 7.6. Catalase and enough H,O, were added to reach ~1 mM oxygen concentration along with 2 X 1077
M valinomycin and 1.5 mM ADP. After respiration returned to minimal rates (state 4), three 0.25-mL aliquots were taken for the desired
type of assay and treated as described under Materials and Methods. The data represent the mean + SD of three experiments. The data for

pH 7.0 were taken from Table I (B).
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Table IV: Comparison of Media of Different Composition and Osmolarity®

transmembrane electrical and H* electrochem gradients (mV)

nmol of

uL of . log
matrix TPMP K J:  [ATP]
.. min®t _ Y
condition H,0/mg apH E Apgt E AMH* mg™'  [ADP][P]
(A) ionic medium 0.92 -0.50 -119 =150) —148 7.1 5.63
dil ionic medium 1.19 ~0.52 -110 (-143) ~140 6.7 5.61
H,0 1.45 -043 -102 (-136) ~127 7.6 5.58
(B) sucrose~mannitol 0.53 -0.79 -119 (-151) -165 ~138 —184 6.6 5.64
medium
dil sucrose~-man- 1.09 -0.62 -109 (-142) —145 —-120 -156 7.7 5.82
nitol
H,0 1.70 ~0.62 -98 (-132) ~134 -100 -137 11.5 5.45
nmol 1
uL of . of O og
matrix £ il min‘21 _[/EL
condition C H,O/mg ApH TPMP* TBMA* K* TPMP* TBMA* K* mg ' [ADP}[Py]
choline chloride, 1.60 —-0.35 -84 (-121) -82 ~80 -108 -103 ~-100 14.2 3.90
pH 7.0
choline chloride, 1.19 -0.32 -89 (—123) -87 =15 -108 -106 -94 19.5 3.68
pH 7.6
choline chloride + 1.08 -0.19 ~93 (—128) -94 -78 -1035 —106 -89 19.8 3.46

20 mM sodium
acetate, pH 7.6

@ Dependence of the mitochondrial transmembrane pH and electrical gradients, matrix volume, respiration and [ATP] /({ADP] [P;]) on the

composition and osmolarity of the suspending medium.

(A) Mitochondria were isolated in sucrose medium and then after 30 min were sus-

pended in 117 mM KCl, 33 mM NaCl, 5 mM Mops, 0.2 mM EDTA, and 1 mM sodium acetate at pH 7.0 (ionic medium) and recentrifuged; the
resulting pellet was resuspended in the ionic medium to 56 mg/mL. Experiments were carried out as usual for three different conditions: (1)

0.75 mL of ionic medium; (2) 0.25 mL of ionic medium and 0.50 mL of H,0; (3) 0.75 mL of H,O.
10 mM glutamate, 10 mM malate, 3 mM ATP, and 1.5 mM ADP were added.

In each case oxygen-saturated medium,
(B) Experiments were conducted similarly to (A) but with

mitochondria that were washed and suspended in 75 mM sucrose, 225 mM mannitol, 5 mM Mops, and 1 mM acetate at pH 7.0 (sucrose-man-

nitol medium).

Additionally, 1 X 1077 M valinomycin was added in (B) to allow K* gradient measurements.

(C) Mitochondria were isolated

and suspended (50 mg/mL) in sucrose-mannitol medium. Aliquots (0.1 mL) of mitochondria were then suspended in 0.9 mL of oxygen-sat-
urated medium comprised of 150 mM choline chloride, 5 mM Mops, 0.2 mM EDTA, | mM sodium acetate, 4 mM P;, 10 mM glutamate, and

10 mM malate at either (1) pH 7.0, (2) pH 7.6, or (3) pH 7.6 with 20 mM sodium acetate.

5 x 107® M valinomycin.

Experiments were carried out as usual containing

indicated major changes in the values of the transmembrane
electrical potential among the experimental conditions tested.
The values calculated for the TBMA™ distributions (without
corrections) are in good agreement with those calculated from
the K* distribution. The measured equilibrium time for
TBMA™ distribution under these experimental conditions was
<2 min.

Mitochondrial Volume. Volume measurements were also
conducted with *C-labeled poly(ethylene glycol) (M, 4000)
in place of ['*C]sucrose. Poly(ethylene glycol) is impermeable
to the outer mitochondrial membrane, thereby giving values
of the total intramitochondrial space of 1.96 = 0.22 L /mg
(nine measurements).

Discussion

In experiments in the present paper when the matrix space
was swollen, e.g., by decreasing osmolarity or by adding
valinomycin and K™, the matrix space approached but did not
exceed the outer membrane volume. Electron micrographs
of mitochondria in intact cells typically show the inner mem-
brane extended to the outer membrane (Fawcett, 1966). This
suggests that the volume mitochondria occupy in intact cells
can be estimated by assuming 2.0 yL./mg of mitochondrial
protein present in the cell. Thus, isolated mitochondria sus-
pended in the typical sucrose and/or mannitol medium have
a highly condensed matrix with the enzymes in an aqueous
volume less than one-third of that present in whole cells.

The observed matrix volume changes can be interpreted on
the basis of ion movements. The volume increase produced
by valinomycin and K* is due to the accumulation of K* and
acetate with consequent osmotic swelling: the higher the
external [K*], the greater the swelling. The acetate-induced

volume increase may be for a similar reason.

A reverse process would be responsible for the volume de-
crease observed with nigericin. Nigericin increases the
permeability of K* [primarily by K* for H* exchange;
Pressman (1968)], thereby depleting mitochondria of K*.
Uncoupler (plus valinomycin) also decreased mitochondrial
matrix volume, indicating an increased permeability of the
mitochondrial membrane. The observed volume decrease
which accompanies increasing extramitochondrial pH also
must reflect increases in ion permeabilities which occur as the
pH is increased (Brierly & Jurkowitz, 1976).

Transmembrane pH and Electrical Gradients. The trans-
membrane pH gradients were reproducible among the ex-
periments, and the agreement of the measured gradients using
three different probes (acetate, DMO, and methylamine) in-
dicated good reliability for the calculated pH gradient.

Confidence in the accuracy of the transmembrane electrical
gradient measurements generally poses more of a problem. In
experiments where large gradients, negative inside, are en-
countered, the use of negatively charged probes such as tet-
raphenylboron and thiocyanate is unreliable due to extent of
exclusion of these probes by the electrical gradient. Since
binding of the positive lipophilic ions such as TPMP™ can be
a problem, the TPMP* distribution was compared with the
K™ distribution in the presence of valinomycin (plus rotenone
without substrates) which allows free diffusion of K* in the
absence of a significant energy supply. On the basis of the
assumption that K* is not bound or transported, the results
from the graph of the two sets of calculated diffusion potentials
suggest a significant level of binding of TPMP* to mito-
chondria. The distribution of the lipophilic ion TBMA™* is very
similar to that of K*, without any correction for TBMA™
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FIGURE 2: Free energy of ATP hydrolysis and rate of oxygen con-
sumption plotted against the transmembrane pH gradient. The data
were taken from Table I and are for titrations with S-13 (@), ex-
tramitochondrial K* (A), nigericin (O), and NaNO; or sodium acetate
(m). The correlation coefficients to linear relationships are 0.68 for
the free energy of ATP hydrolysis vs. transmembrane pH gradient
(upper figure) and 0.53 for the rate of oxygen consumption vs.
transmembrane pH gradient (lower figure).

binding, suggesting TBMA™ is not significantly bound. The
corrected TPMP* values and direct TBMA™ values are in
excellent agreement.

All these results indicate that the TPMP* values are an
accurate measure of the true transmembrane electrical gra-
dient after correction for binding. The valinomycin plus K*
values, although probably reliable in many cases, are suspect
when the possibility of active transport occurs (Diwan &
Tedeschi, 1975) and when alternate routes of K* movement
are present (such as nigericin),

The data can be analyzed with respect to three important
questions. (1) Are the pH, electrical potential, and the total
proton electrochemical gradient (Apy*) possible determinants
of the respiratory rate? (2) Is the behavior of the proton
electrochemical gradient consistent with its proposed function
as an intermediate in oxidative phosphorylation? (3) What
is the minimum [H*]/[ATP] ratio consistent with the proton
electrochemical gradient being an intermediate in oxidative
phosphorylation?

Is the Proton Electrochemical Gradient Correlated with
Respiratory Rate and ATP Synthesis? Two parameters are
correlated only if the correlation plots have the same slope
independent of the method used to perturb the system, as long
as the reaction pathway between the two is not modified. The
slope need not be linear but should be independent of the
method of perturbation. The degree of correlation can be
quantitatively evaluated through calculation of correlation
coefficients which can range from 1.0 (perfect correlation) to
0.0 for random data points. When the transmembrane pH
gradients are plotted (Figure 2) against the rate of respiration
or AG,rp, there was no common trend for the points in either
case, and correlation coefficients were 0.53 and 0.68, re-
spectively. For example, when the pH gradient was changed
by increasing the acetate and nitrate concentrations in the
suspending medium, it gave a totally different behavior than
did nigericin addition. Similar results are seen in Figure 3
with plots of Aug* vs. the respiratory rate or AG 1p; correlation
coefficients were 0.61 and 0.58, respectively., Corrected values
of TPMP™ transmembrane electrical potentials were used for
the plots of Auy* instead of valinomycin-K* distribution for
the reasons described earlier dealing with possible active K*
transport.
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FIGURE 3: Free energy of ATP hydrolysis and rate of oxygen con-
sumption plotted against the proton electrochemical gradient. The
data were taken from Table I and are for titrations with S-13 (@),
extramitochondrial K* (A), nigericin (Q), and NaNO; or sodium
acetate (B). The correlation coefficients to linear relationships are
0.58 for the free energy of ATP hydrolysis vs. proton electrochemical
gradient (upper figure) and 0.61 for the rate of oxygen consumption
vs. proton electrochemical gradient (lower figure).
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FIGURE 4: Rate of oxygen consumption plotted against the free energy
of hydrolysis of ATP. The data were taken from Table I and are for
titrations with S-13 (@), extramitochondrial K* (A), nigericin (0),
and NaNO; or sodium acetate (). The correlation coefficient to
a linear relationship is 0.91.

The respiratory rate is plotted against AG 47p in Figure 4.
There is a correlation between these parameters because the
majority of points, whatever the method of perturbation, fall
along the same general curve and give a high correlation
coefficient, 0.91. The observed relationship agrees well with
that previously reported (Holian et al., 1977).

The apparent lack of correlation of Auy* with respiration
and AG,p can also be noted in the experiments varying ex-
ternal pH [AG,tp corrected at different pH values according
to Rosing & Slater (1972)] and external osmolarity. In these
experiments both the respiration and AGyp remained fairly
constant, while Auy* changed by up to 47 mV.

Thayer & Hinkle (1975) have reported that in submito-
chondrial particles the initial rate of ATP synthesis is slightly
faster when driven by artificially imposed pH and K* (plus
valinomycin) gradients than when driven by substrate oxida-
tion. The authors suggest that these measurements support
the idea that the Auy* and ATP synthesis are in near equi-
librium. Two considerations make this questionable. (1) The
experimental conditions for initial rate measurements (highly
irreversible reaction) are very different from those of near
equilibrium (fully reversible). In regulated enzyme systems
there is rarely the same enzymatic activity for the two con-
ditions. (2) Little ATP synthesis was observed in submito-
chondrial particles until the imposed Auy* exceeded 165 mV,
and the reported high rates of ATP synthesis are for values
near 265 mV. In the current paper, by use of intact mito-
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Table V: Possible Stoichiometry for Coupling of H* Electrochemical Gradient with the Free Energy of ATP Synthesis® o
AGyt
AG aTp [keal/ (C) TPMP* D) K* _ACarp/AGH
condition mol (kI /mol)] [keal (kI)] [keal (kD] TPMP* K*
control 15.9 (66.5) 4.9 (20.5) 3.2
Alterations Principally in £
2 x 1077 M valinomycin 15.7 (65.7) 4.4 (18.4) 4.2 (17.6) 3.6 3.8
2 x 1077 M valinomyein + 2.5 15.7 (65.7) 3.7 (15.5) 3.5(14.6) 4.2 4.5
mM K*
2 X 1077 M valinomycin + 13.4 (56.1) 3.0(12.6) 3.4 (14.2) 4.5 4.0
1.13 M S$-13
2 x 1077 M valinomycin + 2 13.7 (57.3) 4.9 (20.5) 2.9(12.1) 2.8 4.6
x 1077 M nigericin
osmotically swollen, in K* 16.0 (66.9) 2.9 (12.1) 5.5
and Na* medium
1 x 1077 M valinomycin, os- 15.8 (66.1) 3.1 (13.0) 3.2(13.4) 5.1 5.0
motically swollen, in su-
crose-mannitol medium
Alterations Principally in ApH
2 x 1077 M valinomycin + 15 15.7 (65.7) 5.0(20.9) 4.8 (20.1) 3.1 3.3
mM sodium nitrate
2 X 1077 M valinomycin + 60 15.4 (64.4) 3.9 (16.3) 3.9 (16.3) 4.0 3.9
mM sodium acetate
2 x 1077 M valinomycin, pH 16.1 (67.4) 4.2(17.6) 4.2(17.6) 3.8 3.8
6.5
2 x 1077 M valinomycin, pH 16.5 (69.0) 3.7 (15.5) 3.2(13.4) 4.5 5.1
7.6
S x 107* M valinomyein, 150 13.7 (57.3) 2.4 (10.0) 2.3(9.6) 5.7 6.0
mM choline chloride
medium, pH 7.0
5% 107% M valinomycin, 150 13.1 (54.8) 2.4 (10.0) 2.0(8.4) 5.5 6.6

mM choline chloride, 20
mM sodium acetate medium,
pH 7.6

@ Listed are various conditions taken from Tables I, IIf, and IV, in which the ratio of AG o Tp/AGy* is calculated, as determined from both
TPMP* and K* values of aup*. In each case the total proton electrochemical gradient (eq 4) was used to calculate the free energy change for

proton translocation.

chondria, maximal [ATP]/([ADP][P|]) values were achieved
when the Auy* was less than —100 mV, and maximal rates of
ATP synthesis occurred for even lower values of Auy*.

Thermodynamically Required [H*)/[ATP) Ratios for
Chemiosmotic Mechanisms. If the assumption is made that
the proton electrochemical gradient is an intermediate in ox-
idative phosphorylation, the minimum number of moles of H*
that would be required to be transported per ATP synthesized
can be calculated from Auy* and AG,rp. These calculations
are shown in Table V as AG 1p/ AGy+ which is equivalent to
the moles of H* that need to be translocated for an energy
balance between Auy* and AG,qp. The free energy change
for proton translocation was calculated from eq 4. Values of
AG 1p/ AGy* ranging from 2.8 to 5.7 (TPMP*) and 3.3 t0 6.6
(K* and TBMA™) can be calculated, depending on the ex-
perimental conditions.

As indicated in the introduction, measurements of AGrp
and Auy* under phosphorylating conditions have been carried
out in several laboratories (Azzone et al.,, 1976, 1978b;
Hoffman & Laris, 1974; Laris et al,, 1975; Mitchell, 1968)
with variable results. The reported AG,tp values range from
-13 to ~16.5 kcal/mol, but many of the lower values may be
attributed to the use of kinetically limiting concentrations of
ADP or P; (Azzone et al., 1978b; Nicholls, 1974). With this
consideration there appears to be reasonable agreement that
AGa7p is near —16 kcal/mol for maximum ATP synthesis
(state 4). Values of Auy* are much more variable, in part due
to the use of widely different methods. The methods with a
firm theoretical basis for measuring transmembrane electrical
potentials include microelectrode measurements and distri-
bution of lipophilic ions (such as TPMP* and TBMA™*) and

K* with valinomycin, assuming no active-transport system for
K*. Distributions of lipophilic ions usually give higher values
for the calculated electrical potential than do the distributions
of K* and Rb*. The discrepancy is tentatively assumed to
result from greater binding of these ions to the membrane than
K* or Rb*. Binding corrections for the lipophilic ions bring
the two methods into good agreement. Using these methods,
several laboratories have reported Auy* values from -0.14 to
—-0.23 V for similar experimental conditions (Azzone et al.,
1976, 1978b; Hoffman & Laris, 1974; Laris et al,, 1975;
Mitchell & Moyle, 1969). Our values are in good agreement
with Padan & Rottenberg (1973) and Azzone et al. (1978a,b)
but clearly lower than the values reported by Nicholls (1974),
Mitchell (1968), and Mitchell & Moyle (1969). An important
point, in which we are in agreement with Azzone et al.
(1978a,b), is that, when other media or reaction conditions
are used, (1) good phosphorylation (AGs7p > —13 kecal/mol)
can be observed when Auy* is —100 mV or less and (2) changes
in AG,rp and Auy* are not strictly correlated.

These results establish that, first, phosphorylation can occur
under conditions where transmembrane movement of six or
more protons would have to be coupled to the synthesis of each
ATP, if the proton electrochemical gradient was an interme-
diate in mitochondrial oxidative phosphorylation, and, second,
the coupling mechanism between proton translocation and
ATP synthesis must incorporate variable stoichiometry in order
for the H* electrochemical gradient to be a required inter-
mediate in ATP synthesis from respiration.

References
Adam, H. (1963) in Methods of Enzymatic Analysis (Berg-



PH AND ELECTRICAL GRADIENTS IN MITOCHONDRIA VOL. 19, NO. 18, 1980 4221

meyer, H. U,, Ed.) pp 573-577, Academic Press, New York
and London.

Azzone, G. F., Bragadin, M., Pozzan, T., & Antone, P. D.
(1976) Biochim. Biophys. Acta 459, 96-109.

Azzone, G. F., Pozzan, T., Massari, S., & Bragadin, M.
(1978a) Biochim. Biophys. Acta 501, 296-306.

Azzone, G. F., Pozzan, T., & Massari, S. (1978b) Biochim.
Biophys. Acta 501, 307-316.

Azzone, G. F., Pozzan, T., Viola, F., & Arslan, P. (1978¢)
Biochim. Biophys. Acta 501, 317-329.

Bakeeva, L. E., Grinius, L. L., Jasaitis, A. A., Kuliene, V. V.,
Levitsky, D. O., Liberman, E. A., Severina, I. I., & Sku-
lachev, V. P. (1970) Biochim. Biophys. Acta 216, 13-21.

Bashford, C. L., & Thayer, W. S. (1977) J. Biol. Chem. 252,
8459-8463.

Birkofer, L. (1942) Ber. Dtsch. Chem. Ges. 75, 429-441.

Brand, M. D., Chen, L.-H., & Lehninger, A. L. (1976a) J.
Biol. Chem. 251, 968-974.

Brand, M. D., Reynafarje, B., & Lehninger, A. L. (1976b)
Proc. Natl. Acad. Sci. U.S.A. 73, 437-441.

Brierly, G. P., & Jurkowitz, M. (1976) Biochem. Biophys. Res.
Commun. 68, 82-88.

Deutsch, C. J., & Kula, T. (1978) FEBS Lett. 87, 145-151.

Deutsch, C. J., Holian, A., Holian, S. K., Daniele, R. P., &
Wilson, D. F. (1979) J. Cell. Physiol. 99, 79-94.

Diwan, J. J., & Tedeschi, H. (1975) FEBS Lett. 60, 176-180.

Erecinska, M., Veech, R. L., & Wilson, D. F. (1974) Arch.
Biochem. Biophys. 160, 412-421.

Erecinska, M., Stubbs, M., Miyata, Y., Ditre, C. M., &
Wilson, D. F. (1977) Biochim. Biophys. Acta 462, 20-35.

Fawcett, D. W. (1966) The Cell and Atlas of Fine Structure,
W. B. Saunders, Philadelphia, PA.

Gornall, A. G., Bardwill, L. J., & David, M. M. (1949) J. Biol.
Chem. 177, 751-766.

Grinius, L. L., Jasaitis, A. A., Kadziauskas, Y. P., Liberman,
E. A., Skulachev, V. P, Topall, V. P,, Tsofina, L. M., &
Vladimirova, M. A. (1970) Biochim. Biophys. Acta 216,
1-12.

Grinius, L. L., Guds, T. 1., & Skulachev, V. P. (1971) J.
Bioenerg. 2, 101-113.

Guynn, R. W., & Veech, R. L. (1973) J. Biol. Chem. 248,
6966-6972.

Hoffman, J. F., & Laris, P. C. (1974) J. Physiol. (London)
239, 519-552.

Holian, A., Owen, C. S., & Wilson, D. F. (1977) Arch. Bio-
chem. Biophys. 181, 164-171.

Kinnally, K. W., & Tedeschi, H. (1976) FEBS Lett. 62,
41-46.

Kinnally, K. W., Tedeschi, H., & Maloff, B. C. (1978) Bio-
chemistry 17, 3419-3428.

Lamprecht, W., & Trautschold, T. (1963) in Methods in
Enzymatic Analysis (Bergemeyer, H. U., Ed.) pp 543-551,
Academic Press, New York and London.

Laris, P. C., Bahr, D. P., & Chafee, R. R. J. (1975) Biochim.
Biophys. Acta 376, 415-425.

Levine, B. A., Sackett, J., & Williams, R. J. P. (1979) Bio-
chim. Biophys. Acta 550, 201-211.

Lombardi, F. J., Reeves, J. P., Short, S. A., & Kaback, H.
R. (1974) Ann. N.Y. Acad. Sci. 227, 312-327.

Maloff, B. L., Scordilis, S. P., Reynolds, C., & Tedeschi, H.
(1978) J. Cell. Biol. 78, 199-213.

Martin, J. B., & Doty, D. M. (1949) Anal. Chem. 21,
965-967.

Mitchell, P. (1968) Chemiosmotic Coupling and Energy
Transduction, Glynn Research Ltd., Bodmin, Cornwall,
England.

Mitchell, P., & Moyle, J. (1969) Eur. J. Biochem. 7, 471-484,

Moyle, J., & Mitchell, P. (1973) FEBS Lett. 30, 317-320.

Moyle, J., & Mitchell, P. (1978) FEBS Lett. 90, 361-365,

Nicholls, D. G. (1974) Eur. J. Biochem. 50, 305-315.

Owen, C. S., & Wilson, D. F. (1974) Arch. Biochem. Biophys.
161, 581-591.

Padan, E., & Rottenberg, H. (1973) Eur. J. Biochem. 40,
431-437.

Pressman, B. C. (1968) Membr. Models Form. Biol. Membr.,
Proc. Meet. Int. Conf. Biol. Membr., 2nd, 1967, 246,
Reynafarje, B., & Lehninger, A. L. (1978) J. Biol. Chem.

253, 6331-6334,

Rosing, J., & Slater, E. C. (1972) Biochim. Biophys. Acta 267,
275-290.

Rottenberg, H. (1970) Eur. J. Biochem. 15, 22-28.

Rottenberg, H. (1973) J. Membr. Biol. 11, 117-137.

Rottenberg, H., & Scarpa, A. (1974) Biochemistry 13,
4811-4817.

Schneider, W. C. J. (1948) J. Biol. Chem. 176, 259-266.

Schuldiner, S., & Kaback, H. R. (1975) Biochemistry 14,
5451-5461.

Skulachev, V. P. (1971) Curr. Top. Bioenerg. 4, 127-190.

Tedeschi, H. (1975) FEBS Lett. 59, 1-2.

Thayer, W. S., & Hinkle, P. C. (1973) J. Biol. Chem. 248,
5395-5402.

Thayer, W. S., & Hinkle, P. C. (1975) J. Biol. Chem. 250,
5336-5342,

Vercesi, A., Reynafarje, B., & Lehninger, A. L. (1978) J. Biol.
Chem. 253, 6379-6385.

Waddell, W. J., & Butler, T. C. (1959) J. Clin. Invest. 38,
720-729.

Wehrle, J. P., Cintron, N. M., & Pederson, P. L. (1978) J.
Biol. Chem. 253, 8598-8603.

Wilson, D. F. (1969) Biochemistry 8, 2475-2481.

Wilson, D. F., Stubbs, M., Oshino, N., & Erecinska, M.
(1974a) Biochemistry 13, 5305-5311.

Wilson, D. F., Stubbs, M., Veech, R. L., Erecinska, M., &
Krebs, H. A. (1974b) Biochem. J. 140, 57-64.

Wilson, D. F., Owen, C. S., & Holian, A. (1977) Arch. Bio-
chem. Biophys. 182, 749-762.



