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SUMMARY

The steady-state kinetics of purified yeast cytochrome ¢ oxidase were investigat-
ed at low ionic strength where the electrostatic interaction with cytochrome ¢ is
maximized. In 10 mM cacodylate/Tris (pH 6.5) the oxidation kinetics of yeast iso-1-
cytochrome ¢ were sigmoidal with a Hill coefficient of 2.35, suggesting cooperative
binding. The half-saturation point was 1.14 uM. Horse cytochrome ¢ exhibited
Michaelis-Menten kinetics with a higher affinity (K, = 0.35 uM) and a 100 % higher
maximal velocity.

In 67 mM phosphate the Hill coefficient for yeast cytochrome ¢ decreased to
1.42, and the species differences in Hill coefficients were lessened. Under the latter
conditions, a yeast enzyme preparation partially depleted of phospholipids was
activated on addition of diphosphatidylglycerol liposomes. When the enzyme was
incorporated into sonicated yeast promitochondrial particles the apparent K, for
horse cytochrome ¢ was considerably lower than the value for the isolated enzyme.

ATP was found to inhibit both the isolated oxidase and the membrane-bound
enzyme. With the isolated enzyme in 10 mM cacodylate/Tris, 3 mM ATP increased the
half-saturation point with yeast cytochrome ¢ 3-fold, without altering the maximal
velocity or the Hill coefficient. 67 mM phosphate abolished the inhibition of the isolat-
ed oxidase by ATP.

The increase in affinity for cytochrome ¢ produced by binding the oxidase to
the membrane was not observed in the presence of 3 mM ATP, with the result that the

Abbreviations: TMPD, N,N,N’,N’-tetramethyl-1,4-phenylenediamine; FCCP, carbonyl-
cyanide p-trifluoromethoxyphenylhydrazone.
* Present address: Department of Biochemistry, Monash University, Clayton, Victoria,
Australia, 3168.
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membrane-bound enzyme was more sensitive to inhibition by ATP. ADP was a less
effective inhibitor than ATP, and did not prevent the inhibition by ATP.

It is proposed that non-specific electrostatic binding of cytochrome ¢ to phos-
pholipid membranes, followed by rapid lateral diffusion, is responsible for the depen-
dence of the affinity on the amount and nature of the phospholipids and on the ionic
strength.

ATP may interfere with the membrane-facilitated binding of cytochrome ¢
by a specific electrostatic interaction with the membrane or by binding to cytochrome
c.

INTRODUCTION

Cytochrome ¢ is a basic, positively charged protein at neutral pH, with an
isoionic point at 10.04 [1]. Its binding to cytochrome ¢ oxidase is weakened by high
ionic strengths [2] and is therefore electrostatic in nature. Similarly, electrostatic
forces seem to be involved in the binding of cytochrome ¢ to the mitochondrial inner
membrane [3, 4], and to phospholipid vesicles [5]. The surface of many biological
membranes carries a negative electrostatic potential (e.g. refs. 6 and 7) owing to the
ionized phosphate groups of the phospholipids, and its effects on the kinetics of mem-
brane-bound enzymes has been the subject of considerable study [8-11]. The activity
of some purified cytochrome ¢ oxidase preparations is enhanced by the addition of
phospholipids [12-15], which raises the questlon of the role of phospholipid mem-
branes in the mechanism of this enzyme.

At neutral pH the overall charge of cytochrome ¢ varies considerably from one
species to another [1] despite the similarity of the isoionic points. For example, com-
pared with horse cytochrome c, yeast iso-1-cytochrome ¢ has about 0.5 unit more
positive charge overall [16], and an extra lysine residue in position 11 on the basic side
of the molecule which is likely to be the side which interacts with the oxidase [17, 18].
Although the catalytic activity of cytochrome c¢ oxidase is apparently identical
towards all species of cytochrome ¢ [19], chemical modification of certain amino acid
residues leads to changes in the catalytic or binding properties [20-24]. Therefore
cytochrome ¢ oxidase may be sensitive to the different net charges and charge distribu-
tions of cytochrome ¢ from different species, if the ionic strength is lowered to in-
crease the electrostatic interactions.

Here we describe studies of the kinetics of yeast cytochrome ¢ oxidase which
show differences between cytochrome ¢ from horse and yeast. The effects of ionic
strength and of the addition of phospholipid menibranes indicate that the binding of
cytochrome c is facilitated by an electrostatic interaction with the membrane. Adenine
nucleotides were found to influence the kinetics of cytochrome ¢ oxidase both bound
to the membrane and isolated as a lipoprotein. Experiments are described which show
that ATP may affect the rate of respiration by interfering in the electrostatic binding of
cytochrome ¢ to the membrane-bound oxidase.

The results corroborate a recent report that beef heart cytochrome ¢ oxidase
also exhibits differences between various species of cytochrome ¢ and is inhibited by
ATP [25], but suggest that the yeast and beef oxidases are kinetically different. A
preliminary account of this work has been presented elsewhere [26].
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MATERIALS AND METHODS

Materials

Horse heart cytochrome ¢, ATP, ADP, FCCP and Precinorm 'S’ were obtained
from Boehringer Mannheim GmbH, phosphatidylethanolamine (synthetic), and di-
phosphatidylglycerol (bovine heart) from Koch-Light Laboratories Ltd., (Colnbrook,
U.K.), phosphatidylcholine (egg) from Nutritional Biochemicals Corp. (Cleveland,
Ohio), and bovine serum albumin from Behringwerke AG (Marburg). Yeast extract
was supplied by Difco laboratories (Detroit), oligomycin, Tween 20 and Tween 80 by
Serva (Heidelberg), TMPD by Sigma Chemie GmbH (Miinchen), and hydroxydim-
ethylarsineoxide (cacodylic acid) by J. T. Baker (Gro8 Gerau, Germany). Sephadex
was from Pharmacia (Uppsala). Highly purified nitrogen (< 5 ppm O, by volume)
was supplied by Messer-Griesheim. All other salts and reagents were purchased from
E. Merck AG (Darmstadt), and were of ‘“‘analytical” or “‘biochemical purposes”
grade.

Cholic acid was recrystallized before use [27]. ADP and ATP were made up as
22.5 or 30 mM solutions neutralized to pH 6.5 with KOH. Tetrasodium pyrophos-
phate (30 mM) was neutralized to pH 6.5 with HCI and therefore contained 33.8 mM
NaCl. FCCP was added as a 0.2 mM solution in water containing 5.4 mg/ml Tween
20. Oligomycin was dissolved in ethanol to a concentration of 6.6 mg/ml.

Methods

(@) Yeast culture. For most of this work, Saccharomyces cerevisiae strain YF
was used. It was grown in a medium containing KH,PO, (7.4 mM), (NH,),SO,
(9.1 mM), MgSO, (2.8 mM), NaCl (8.5 mM), CaCl, (3.6 mM), FeCl; (0.03 mM)
and Difco Yeast Extract (1.25g/l) at pH 4.5, with 2 % (v/v) ethanol as carbon
source. For the preparation of cytochrome ¢ oxidase, commercial bakers’ yeast cake
was sometimes used, after derepression [28].

(b) Isolation of cytochrome c oxidase. The washed cells were suspended in
homogenization buffer (0.65 M sorbitol, 10 mM Tricine, 0.1 mM EDTA and 1 g/1
bovine serum albumin, neutralized to pH 6.5 with Tris base) and homogenized by
shaking with glass beads (diameter 0.45-0.50 mm) in a cell mill (Edmund Biihler,
Tiibingen) fitted with a continuous-flow head. The mitochondria were finally sedi-
mented from a 2500 X g supernatant by centrifugation at 10 000 rev./min for 40 min
(Sorvall GSA rotor at 0 °C) and disrupted with a Branson Sonic Power sonifier for
60s at 0 °C at a protein concentration of 20 mg/ml in homogenization buffer. The
submitochondrial particles were sedimented from a 30 000 X g supernatant by centrif-
ugation at 50 000 rev./min for 30 min (Spinco rotor No. 50Ti at 0 °C).

Except where otherwise indicated, cytochrome ¢ oxidase was isolated from the
submitochondrial particles by the method of Sekuzu et al. [29] and was obtained as a
green-brown oily floating layer at the stage of 25 9 saturation of (NH,),S0,. It was
washed several times with 0.2 9 (w/v) cholate solution (pH 6.5) containing 35 %,
saturation of (NH,),S0, to remove traces of cytochrome ¢, [29], and dissolved in
0.25 M sucrose containing 10 mM K,HPO, and 1 mM EDTA. No loss of activity
was detected during storage for several months at —20 °C, provided that thawing and
refreezing were avoided. Any turbidity (owing to ammoniumcholate) could be removed
by low-speed centrifugation.
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A preparation of cytochrome ¢ oxidase containing less phospholipid was made
according to the method of Tzagoloff [14] from a crude cytochrome oxidase fraction
kindly supplied by Dr. J. Reed.

(c) Isolation of cytochrome c. Yeast iso-1-cytochrome ¢ was isolated as described
by Sherman et al. [30]. It was dialyzed overnight against 10 mM NH,HCO, solution
and then against water, and freeze-dried.

(d) Isolation of promitochondria [31]. Yeast was cultured anaerobically on the
culture medium described above except that the yeast extract concentration was
2.5 g/1, the carbon source was glucose (100 g/1) and Tween 80 (2.5 mi/1) and ergo-
sterin (50 mg/1) were added. At the end of the log phase the cells were harvested
under highly purified nitrogen, washed with water, and mechanically disrupted in
homogenization buffer as described above. Promitochondria were isolated by differen-
tial density centrifugation, which is summarized in Scheme I.

(e) Membrane preparations. Liposomes were prepared by sonicating suspen-
sions of purified or mixed phospholipids (8 mg/ml) in 10 mM phosphate buffer (pH
6.5) containing 1 mM EDTA, for two 5-min periods at 0 °C or below.

Promitochondrial particles were prepared by sonication of a suspension of
promitochondria (20 mg/ml) in 2-(N-morpholino)-ethane sulphonate buffer (6 mM,
pH 6.5) containing 0.65 M sorbitol, ] mM EDTA, 1 mg/ml bovine serum albumin
and 2 mM MgCl,, for two 30-s periods. After a preliminary centrifugation for 15 min
at 15 000 rev./min (Sorvall SS34 rotor) the particles were collected by centrifugation
for 30 min at 50 000 rev./min (Spinco rotor No. 50Ti) and were resuspended in buffer.

Cell homogenate; centrifuge 10 min at 2000 X g

l Sediment Supernatant

Take up in 10 ml homogenization buffer, 10 min, 2000 X g

—10 mixj: 2000 X g
Discard sediment «——— 10 min, 2000 X g
'—10 min, 2000 X g
—20 min, 30 000 X g
Take up in 1.5 ml buffer; layer on 35 ml 30 % <——

(w/w) sorbitol; 40 min, 50 000 X g L—20 min, 30000 X g
(Discard supernatant)

Discard supernatant
Take up in 1.5 ml buffer; layer on 35 mt 42 9
(w/w) sorbitol; 60 min, 20 000 X g
Discard sediment
Slowly dilute 1 : 1 with homogenization buffer,
containing no sorbitol; 40 min, 20 000 X g
Discard supernatant
Promitochondrial fraction

Scheme I. Centrifugation steps in the isolation of promitochondria from homogenized yeast cells.
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For the cytochrome ¢ binding studies, the particles were diluted to about 4 mg
protein/ml and various concentrations of cytochrome ¢ were added. After 15 min at
0 °C, they were recentrifuged as above. The sides of the tube and the surface of the
sediment were gently washed with buffer and the sediment was resuspended in buffer.
Cytochrome ¢ concentrations in the supernatant and particles were determined by a
micromethod [32] using 60 mM HCI to give better reproducibility of extraction of
cytochrome ¢. Bound cytochrome ¢ was extracted with KCI [33], and with cholate -
KCIl [34] by the published procedures.

Cytochrome ¢ oxidase was incorporated into promitochondrial particles by
ultrasonically dispersing, for two 30-s periods at 0 °C, the following mixture: promito-
chondria (40 mg protein), cytochrome ¢ oxidase (0.78 mg protein; approx. 4 nmol
haem a), and phospholipid vesicles (6.6 umol phosphorus comprising phosphatidyl-
choline, phosphatidylethanolamine and diphosphatidylglycerol (weight ratio 10 : 10 :
1) previously sonicated together) in 2 ml of the homogenization buffer. The particles
were isolated as above for the cytochrome ¢ binding experiment and were assayed
spectrophotometrically for oxidase activity.

(f) Analytical procedures. The concentrations of cytochromes aa,; and ¢ were
estimated using the reduced-minus-oxidised difference extinction coefficients Ade
(605 nm) =24 mM ™! - cm~?! [35] and 4¢(550 nm) = 21.1 mM ™! - cm™ !, respective-
ly. Protein concentrations were determined at 620 nm with the Folin-Ciocalteu
reagent [36] in the presence of 0.33 9 (w/v) deoxycholate, 2 % (w/v) Na,CO; and
0.1 M NaOH (CuSO, and tartrate were omitted) [31] using Precinorm S as a standard.

The polarographic assay of cytochrome ¢ oxidase activity was carried out at
25 °C using a Beckman oxygen electrode in a perspex thermostatted chamber contain-
ing cytochrome ¢, 667 uM TMPD, 6.67 mM ascorbate, 250 mM sucrose, and buffer
(either 10 mM cacodylate, or 2-(N-morpholino)-ethane sulphonate (both neutralized
to pH 6.5 with Tris base), or 67 mM phosphate (pH 6.5)). The observed rate was
corrected for the small background rate of TMPD oxidation in the absence of cyto-
chrome c¢. The output was converted to oxygen concentrations assuming that the
buffer was saturated with 240 uM O,.

The spectrophotometric assay was carried out at 550 nm in 2 ml of phosphate
buffer (67 mM, pH 6.5) containing reduced cytochrome ¢ [37]. The enzyme was
prediluted in 250 mM sucrose containing 10 mM K,HPO,, | mM EDTA and 4.5 mg/
ml Tween 20. At the end of each run, K ;Fe(CN)s was added to determine the end-
point of the reaction, A, and the pseudo first-order rate constant, k, was calculated
from the slope of a semilogarithmic plot. The initial velocity, v, was calculated from the
total cytochrome ¢ concentration, ¢,, according to v = k - ¢, and since v/¢; = V/K,—
v/K,, a plot of k against v has a slope of —1/K,, and intercept on the abscissa of V.

In order to evaluate the kinetic parameters of sigmoidal curves without making
any assumptions about the appropriate model, a computer program was used to fit the
data by a least squares method [38]. '

RESULTS

Kinetic studies at low ionic strength
The K, of cytochrome ¢ oxidase for cytochrome ¢ decreases with decreasing
buffer concentration, and is less than 1 uM at zero ionic strength. The oxygen electrode



220

150+
(min-1)

. : _o®
(0] 20 40 60 ~ 80
Rate of O, consumption (v) ( IJM.min'U

—

Fig. 1. Eadie-Hofstee plot for horse cytochrome c. The rate of oxygen consumption was measured
as described under Methods in the presence of purified yeast cytochrome ¢ oxidase (final protein
concentration 0.114 mg/ml; 26 nM cytochrome aa3) and 0.038-37.6 uM horse cytochrome.c in
10 mM cacodylate/Tris buffer (pH 6.50).
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Fig. 2. Comparison of the activity of yeast cytochrome ¢ oxidase using (a) horse heart cyto-
chrome ¢ and (b) yeast iso-l1-cytochrome ¢, at low and high ionic strength.” Conditions as in
Fig. 1 in 10 mM cacodylate/Tris (O) or 67 mM phosphate (W) buffers at pH 6.5. The smooth
curves were drawn from the kinetic parameters given in Table 1.
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TABLE 1

KINETIC PARAMETERS FOR THE OXIDATION OF HORSE AND YEAST CYTOCHROME
¢ BY YEAST CYTOCHROME ¢ OXIDASE

A least-squares procedure was used to fit the data of Fig. 2 by means of the computer program of
Wieker et al. [38]. The standard error is given as a percentage in parentheses.

Substrate species Buffer Hill Ko.s | 4
coefficient (ny) (uM) (#mol/min)

Horse 10 mM 1.22 2.7) 0.35 (5.1) 75.7 (0.8)
cacodylate/Tris

Horse 67 mM phosphate  1.11 (3.0) 56.36 (20.0) 103.3 (19.8)

Yeast 10 mM 2.35 (1.8) 1.14 2.4) 32.3 (0.5)
cacodylate/Tris

Yeast 67 mM phosphate  1.42 (4.0) 10.57 (8.3) 52.2 (1.5)

was found to give the most accurate measurements of the reaction in this concentra-
tion range, provided that the activity was always high compared with the background
rate in the absence of cytochrome ¢, and yet low enough to allow the cytochrome ¢ to
remain essentially completely reduced.

In 10 mM cacodylate/Tris buffer (pH 6.5; ionic strength = 4.1 mM) the
apparent K, for horse cytochrome ¢ was within the range 0.35-0.57 uM. Fig. 1 is a
plot of the results obtained with cytochrome ¢ concentrations down to 0.038 uM. The
slight convex curvature at low cytochrome ¢ concentrations may be due to (a) in-
accuracies in the measurement of these low rates, or (b) incomplete reduction of cyto-
chrome c in this region where the oxidation is most rapid compared with the first-
order reduction, or (c) substrate depletion, since the concentration of cytochrome aa
was about 0.02 uM.

In contrast with the hyperbolic kinetics for horse cytochrome c the kinetics with
yeast iso-1-cytochrome ¢ are sigmoidal (Fig. 2). The results of a computer fit of the
data are given in Table I, which shows that the oxidation kinetics of yeast cytochrome
¢ are cooperative, and have a 3-fold higher half-saturation point and a 50 9/ lower
maximal velocity compared with horse cytochrome ¢. The Hill coefficent of 2.35
suggests that there are cooperative interactions between binding sites.

TABLE II
pH DEPENDENCE OF THE KINETICS OF CYTOCHROME ¢ OXIDASE

Maximal velocities and K, values for horse cytochrome ¢ were determined from measurements of
the rate of oxygen consumption in the presence of 0.114 mg/ml yeast cytochrome ¢ oxidase, and
0.14.91 uM cytochrome c in a buffer formed from appropriate volumes of 10 mM Tris base and
10 mM 2-(N-morpholino)-ethane sulphonic acid. The values given are the mean +S.E. from linear
regression analyses of Eadie-Hofstee plots with the indicated number of data points.

pH K | 4 No. of points
(M) (uM/min)

6.0 0.4354-0.055 42.00+1.26 11

6.5 0.560+0.045 79.49+1.61 12

6.8 0.5544-0.061 87.60+42.49 8

7.67 0.544 10.040 88.68+1.26 6
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The kinetics do not vary significantly with pH within experimental error,
between pH 6.5 and 7.67 (Table II). The maximal velocity begins to decrease below
pH 6.5. The slightly lower K, value at pH 6.0 (Table II) may be owing to the lower
ionic strength of the buffer system, which decreases from 4.1 to 3.0 mM between
pH 6.5 and 6.0.

The enzyme is strongly affected by the ionic strength. In 67 mM phosphate,
which has an ionic strength of about 88 mM at pH 6.5, the maximal velocity is up to
60 9 greater than under conditions of low ionic strength (Table I). This observation is
in agreement with a previous finding that the activity is highest in 67 mM phosphate
buffer at pH 6.5 [29]. However, under these conditions the K, for yeast cytochrome ¢
is an order of magnitude higher, and the effect on the X, for horse cytochrome c is
even larger, resulting in a decrease in the difference between them (Fig. 2). These
conditions also decrease the sigmoidal character of the kinetics with yeast cytochrome
¢, as indicated by the decrease of the Hill coefficient to 1.42.

Effect of phospholipid membranes on kinetics at high ionic strength

It was found that the kinetics in 67 mM phosphate are dependent oun the
amount of phospholipid present. Cytochrome ¢ oxidase with a lower phospholipid
content (15-65 nmol phosphorous per mg protein) prepared according to Tzagoloff
[14], showed a low affinity for cytochrome ¢. Two separate batches gave K, values
between 60 and 70 uM. As reported by Tzagoloff [14], the enzyme is activated by
phospholipids. When diphosphatidylglycerol liposomes were added to the buffer used
for predilution of the enzyme (Fig. 3, upper set of points) the apparent K, was about
15 uM. This suggests that the affinity of the enzyme for cytochrome ¢ increased up to
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Fig. 3. Effect of diphosphatidylglycerol liposomes on cytochrome ¢ oxidase kinetics in 67 mM
phosphate buffer. Cytochrome ¢ oxidase isolated by the method of Tzagoloff [14] was diluted
to 81.8 ug/ml in 0.25 M sucrose containing 10 mM K;HPO,, 1 mM EDTA, 121 mM KCl and
4.5 mg/ml Tween 20 in the absence (@) or presence (w) of diphosphatidylglycerol liposomes
(see Methods) (0.1 mg phospholipid/mg protein). After 15 min at 0 °C, 10-ul aliquots were
assayed spectrophotometrically in the presence of 5-24 uM cytochrome c.
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TABLE III
THE EFFECT OF PHOSPHOLIPIDS ON THE ACTIVITY OF CYTOCHROME ¢ OXIDASE

Cytochrome c oxidase (0.134 ug/ml) isolated according to Tzagoloff [14] was assayed spectrophoto-
metrically as described under Methods in the presence of 24 uM horse cytochrome ¢. Where indicated,
phospholipid micelles (see Methods) were added to the cuvette prior to the enzyme, to a final concen-
tration of 20 mg phospholipid phosphorus per mg protein.

Phospholipid Initial rate
(+#M/min)
None 0.67
Phosphatidylcholine C.57
Phosphatidylethanolamine 0.50
Diphosphatidylglycerol 1.50

4-fold, although it is not excluded that the maximal velocity increased. Table III shows
that the enzyme is activated by diphosphatidylglycerol liposomes, but not by neutral
or zwitterionic lipids like phosphatidyicholine or phosphatidylethanolamine.

These results indicate that the activity of cytochrome ¢ oxidase is dependent on
the nature and extent of the phospholipid membranes present in the oxidase complex.
This effect is further illustrated in studies of the interaction of cytochrome ¢ and cyto-
chrome ¢ oxidase with promitochondrial membranes, which were taken as a model for
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Fig. 4. Scatchard plot of the binding of cytochrome ¢ to promitochondria. Sonicated promito-
chondrial particles were titrated with horse cytochrome ¢ (total concentration 0.1-1.0 mM)
as described under Methods, and the sedimented particles and supernatant were analyzed for
cytochrome c.

0 (nmol/ mg)
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Fig. 5. The effects of ATP and ADP on the kinetics of cytochrome ¢ oxidase incorporated into
promitochondrial particles. The particles were assayed spectrophotometrically in 67 mM phos-
phate buffer (pH 6.5) in the presence of reduced horse heart cytochrome c¢ (concentrations

= 10-50 uM) and the following additions: OO, none (eontrol); &, 3 mM ATP; m, 3 mM ADP;
®, 3 mM ATP+3 mM ADP.

the mitochondrial inner membrane, as they have a comparable lipid composition [39].
Cytochrome ¢ was found to bind quite firmly to sonicated promitochondrial particles
in amounts far in excess of that occurring in aerobic yeast mitochondria [40, 41]. A
Scatchard plot (Fig. 4) shows that there are 9.5 nmol of binding sites per mg protein,
with a dissociation constant of 13 uM, plus some weaker sites, perhaps owing to free
cytochrome c trapped in the sediment. When the experiment was modified by adding
cytochrome ¢ before sonicating the promitochondria, the binding of cytochrome ¢
was not increased, suggesting that closed vesicles were not formed in either of the
experiments, or if vesicles were formed, cytochrome ¢ bound only to the outside of
them. Extraction with KCl [33] reduced the maximal amount of cytochrome ¢ bound
to the same value (about 0.5 nmol/mg) in both experiments. This would not be the
case if the non-extractable cytochrome ¢ was trapped inside closed vesicles only
during sonication in the second experiment. Most of the remaining cytochrome ¢
could be removed by the cholate-K Cl treatment [34]. Similarly, vesicles impermeable
to cytochrome ¢ were not observed when promitochondria were subjected to a pub-
lished procedure for the production of particles with cytochrome c either inside or
outside [42].

An indication that non-specific binding to membranes may be important in the
association of cytochrome ¢ with the oxidase was obtained when the oxidase was
incorporated into promitochondrial particles, as described under Methods. The yield
of cytochrome ¢ oxidase activity in such particles is about 30 % of the total activity
present in the reconstitution mixture. (In the absence of added cytochrome ¢ oxidase,
the particles have only very slight activity). The apparent K,, for horse cytochrome ¢
(Fig. 5, control experiment; K,, = 36 uM) was significantly less than the value for the
isolated oxidase (Fig. 7, control experiment; K, = 50 uM), suggesting that the
promitochondrial membrane increases the affinity of the oxidase for cytochrome c.
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Fig. 6. The effects of pyrophosphate, ATP and uncoupler on cytochrome c¢ oxidase activity of
reconstituted particles. The assay conditions were as in Fig. 5 with the following additions: O,
none (control); @, 3 mM pyrophosphate; A, 3 mM ATP; (0, 3 mM ATP+1 uM FCCP.

Effect of ATP on cytochrome ¢ oxidase kinetics

The kinetics of cytochrome ¢ oxidase bound to promitochondrial particles
were investigated in order to determine whether the enzyme interacted with the
endogeneous ATPase. The oxidation of added reduced cytochrome ¢ was competitive-
ly inhibited by ATP. 3 mM ATP approximately doubled the apparent X, (from 36
to 63 uM) (Fig. 5). The inhibition by ATP was not significantly affected by the un-
coupler FCCP (Fig. 6), nor by oligomycin at a concentration of 33 ug/ml which
produced 85 % inhibition of the ATPase activity of the particles.

The effects of other polyvalent anions were also tested. Fig. 5 shows that ADP
decreased the activity, but to a smaller extent than with the same concentration of
ATP. When ATP and ADP were added together their effects were roughly additive.
Pyrophosphate inhibited as effectively as ATP (Fig. 6). The inhibition by thess phos-
phate compounds is related to the size of their negative charges, which are about 2.5,
2.5, and 3.5, for ADP, pyrophosphate and ATP, respectively, at pH 6.5 (calculated
from the published dissociation constants [67, 68]). The greater inhibition by pyro-
phosphate than by ADP, despite their similar charges, is probably owing to the added
ionic strength of the chloride with which it was neutralized (see Methods).

Fig. 7 shows that under the same conditions 3 mM ATP did not significantly
affect the activity of the isolated enzyme. The same was found for ADP. Figs. 5 and 7
represent the same oxidase sample incorporated into promitochondrial particles and
in the isolated state, respectively. A comparison of the lines shows that, onincorporat-
ing the oxidase into promitochondria, the K, determined in the absence of ATP
decreased from 50 to 36 uM. When assayed in the presence of 3 mM ATP, the K,
increased to 63 uM, suggesting that ATP prevents the increase in affinity of the
enzyme caused by the presence of the promitochondrial membrane.

The effect of ATP on the isolated oxidase was investigated at low ionic strength
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Fig. 7. The effects of ATP on the kinetics of isolated cytochrome ¢ oxidase at high phosphate
concentration. Cytochrome ¢ oxidase isolated by the method of Sekuzu et al. [29] (6.24 ug
protein per ml) was assayed as in Fig. 5 in the presence of the following: O, no additions
(control); A, 3 mM ATP.

in 10 mM cacodylate/Tris buffer. Under these conditions the enzyme’s affinity for
cytochrome ¢ was considerably reduced by 3 mM ATP (Fig. 8), as indicated by the
shift of the mid-points of the curves to higher cytochrome ¢ concentrations (from 0.35
to 7.8 uM for horse cytochrome ¢, and from 1.14 to 3.59 uM for yeast iso-1-cyto-
chrome c). The least-squares analysis of the data showed that the Hill coefficient was
unaffected by 3 mM ATP. ny was 2.29 (4-0.09) and 2.35 (+0.04) (standard error of
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Fig. 8. The effects of ATP on the activity of cytochrome ¢ oxidase at low buffer concentration.
The assay method and conditions were as for Fig. 1. The smooth curves were drawn from the
kinetic parameters determined according to ref. 38. The substrate was cytochrome ¢ from
horse heart (O, A) or yeast (@, A). ATP concentration was zero (O, @) or 3 mM (A, A).
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mean) in the presence and absence of ATP, respectively. This observation suggests
that ATP specifically decreases the affinity for cytochrome ¢ whereas merely increasing
the ionic strength by the addition of phosphate decreases the sigmoidal character of
the kinetics (Table I).

DISCUSSION

Until recently, any differences in the activity of cytochrome ¢ oxidase towards
cytochrome ¢ from different species was attributed to very tightly bound but diffusible
“inhibitory substances” [19] including buffer ions. The high affinity, specific binding
site on beef heart cytochrome ¢ oxidase reported recently [25] had not been detected
previously because either the buffer concentration or the cytochrome ¢ concentration,
or both, were too high, and it was only when the kinetic measurements were performed
at low ionic strength that species differences became apparent [25].

Under similar conditions it can now be shown that there are kinetic differences
between the oxidation of horse and yeast cytochrome ¢ by yeast cytochrome ¢ oxidase.
With both the beef heart and the yeast oxidases, the species differences are manifested
in the affinity of the oxidase for the various cytochromes c (Fig. 2 and ref. 25). As the
ionic strength is raised, the affinities and their differences decrease, pointing to the
importance of the electrostatic interaction with the oxidase for the specificity. How-
ever, the high affinity phase of the kinetics reported for the beef heart oxidase [25] was
not seen with the yeast oxidase. On the contrary, the kinetics of the yeast enzyme with
yeast cytochrome ¢ show an increasing affinity with increasing saturation of the
enzyme, and with horse cytochrome ¢ the kinetics are monophasic. Therefore species
differences may have evolved in both cytochrome ¢ and cytochrome ¢ oxidase.

The high variability of the amino acid sequence of cytochrome ¢ [16, 17] is
largely confined to residue positions in the external part of the structure, where nearly
all the charged residues are located. The basic residues are mostly grouped together at
one side of the molecule, where the edge of the haem is exposed. This may be the
pathway of electron transfer into and out of the molecule [43], and the positively
charged side of the protein may therefore bind to the neighbouring electron transfer
chain components [17].

In yeast cytochrome ¢ a lysine is found in place of a valine in position 11 on
this face of the molecule. Unexpectedly, this increase in the positive charge does not
result in a higher affinity for the oxidase, but, as Table I shows, a 3-fold lower affinity
relative to horse cytochrome c. A partial explanation of this is that the kinetics are
sigmoidal, and the half-saturation point of the curve does not represent a true binding
constant.

The sigmoidal kinetics could be accounted for by several mechanisms. (a)
Non-productive binding of cytochrome ¢ at low concentrations may occur, although
it is unlikely that a sufficiently high concentration (about 1 uM), of specifically yeast
cytochrome ¢, binds inactively to account for the “lag-phase” in Fig. 2b, where the
cytochrome aa, concentration was about 0.02 uM. (b) Cytochrome ¢ may bind to a
second, activating, non-catalytic site [44] (for which there is no evidence, but which
cannot be ruled out). (c) Cooperative interactions may occur between several oxidase
molecules associated into oligomers [45] undergoing cluster formation (see below). A
special case of this mechanism is where the R and T forms correspond to active mono-
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mers and less active oligomers, respectively. Cooperative interactions between oxidase
molecules may occur directly or via the phospholipids in which they are embedded.
Purified oxidase preparations containing large quantities of phospholipids readily
form membraneous vesicles in solution [47, 48].

The activity of cytochrome ¢ oxidase depends on the amount of phospholipid
present (Table III and ref. 13). It is known that cytochrome ¢ binds to phospholipid
membranes [5, 49-51] and that negatively charged phospholipids play an important
role in the binding [5] which is dependent on pH and salt concentration [52]. This
behaviour closely parallels that of cytochrome ¢ oxidase in the presence of phospho-
lipids. While drastic methods of extracting phospholipids have been reported to
decrease both K, and the maximal velocity [53], possibly reflecting fundamental
changes in the oxidase structure on removal of phospholipids closely associated with
it, in general K, has been found to decrease on adding phospholipids. Diphosphatidyl-
glycerol is a tightly bound, essential constituent of the enzyme [54], and is a more
effective activator than neutral or zwitterionic phospholipids (Table I1T and refs. 12, 13
and 55). The fact that activation occurred even when the diphosphatidylglycerol was
present only in the assay cuvette instead of during predilution of the enzyme, suggests
that it is not caused by the phospholipid preventing the aggregation of the oxidase (cf.
ref. 56), which should not depend on the charge on the phospholipid and which should
affect the maximal velocity. Rather, negatively charged phospholipids may interact
with cytochrome c to facilitate its binding to the oxidase in the phopholipid membrane.

The effect of the presence of a negatively charged surface on the kinetics of an
enzyme bound to it can be described by the following relation [8, 10, 11]:

K, = K, exp (Yze/kT)

where XK', and K, are the Michaelis constants, measured from the bulk concentration
and in the local environment of the enzyme, respectively; ¢ is the average electro-
static potential prevailing in the neighbourhood of the membrane; z is the number of
charges on the substrate molecule; and e is the charge of a proton. The K|, value for
the isolated enzyme at high ionic strength (K,, = 50 uM approx.; Fig. 7) is the actual
value of K, when the electrostatic perturbations are minimal. Taking z to be 9.5 [16],
it can be calculated that the K, of 0.35 uM fot horse cytochrome ¢ at low ionic strength
corresponds toyy = —13 mV, Therefore the observed increase in affinity under these
conditions can be accounted for by a relatively small electrostatic potential on the
membrane. The negative electrostatic potential decreases the local pH [11], and since
the electrostatic potential decreases as the ionic strength increases, this explains the
decrease of the optimal pH observed with increasing ionic strength [57].

The mammalian mitochondrial membrane binds relatively large amounts of
cytochrome ¢ [58, 59] and the results of Fig. 4 show that yeast promitochondrial
particles bind cytochrome ¢ with a similar affinity. Our experiment did not cover the
tight binding region observed by Erecifiska [23], who reported that there were two
binding sites per cytochrome aa, molecule, with a K; of 0.02 uM.

Promitochondria also bind cytochrome ¢ oxidase. From the turn-over number
of the isolated oxidase it was calculated that the specific activity of the oxidase incor-
porated into promitochondria in Fig. 5 corresponds to about 0.02 nmol of cytochrome
aa; per mg protein. Fig. 4 indicates that promitochondrial particles bind up to 500
times more cytochrome ¢ than this. Under the conditions of the assay, a considerable
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proportion of the cytochrome ¢ would therefore be bound to the membrane, which
should cause an increase in the apparent K,, if membrane-bound cytochrome ¢ does
not participate in the reaction. Since the K, is lower than for the isolated oxidase, it is
likely that non-specific binding to the membrane can lead to the formation of an
active complex with the membrane-bound cytochrome ¢ oxidase, and this may
increase the affinity.

The occurrence of two-dimensional diffusion of cytochrome ¢ on the surface of
the membrane is analyzed in Appendix, and, as shown theoretically [60], can increase
the association rate constant with the membrane-bound oxidase. This effect is enhanced
by increasing the membrane area round each oxidase molecule, which explains the
dependence of K, on the concentration of phospholipids and an optimum area size
should be expected.

A membrane-facilitated binding process could produce the observed coopera-
tive kinetics of the isolated oxidase with yeast cytochrome ¢. A sigmoidal binding
curve for cytochrome ¢ and lecithin-diphosphatidylglycerol “liquid crystals” has
already been reported [5]. The interaction of cytochrome ¢ with phospholipids causes
considerable structural changes [51, 61], which are reflected in altered properties such
as the lipid transition temperature [62] and ionic permeability of phospholipid vesicles
[63]. If the extra positive charges on yeast cytochrome ¢ promoted such changes over
a sufficiently large area, resulting in an increased affinity of the membrane for cyto-
chrome ¢, or directly activating several oxidase molecules embedded in the membrane,
then sigmoidal kinetics would be observed. A model where the membrane is broken up
into relatively rigid plates or patches, within which long-range cooperative changes
may occur [64], has been put forward recently [65].

Cytochrome ¢ may be visualized as moving rapidly on the membrane surface
between cytochrome b-¢; and cytochrome aa, complexes as shown in Appendix.
This idea is supported by the observation [66] that cytochrome ¢ catalyzes the rapid
equilibration of cytochrome aa; molecules with one another. This opens the possibil-
ity that cytochrome ¢ oxidase could be regulated by altering the distribution of cyto-
chrome ¢ between the medium and the membrane surface.

The inhibition by ATP of membrane-bound cytochrome ¢ oxidase but not of
the isolated enzyme at high ionic strength, suggests a mediation by the promito-
chondrial membrane. That the oligomycin-sensitive ATPase is involved can be ruled
out since the inhibitory effect of ATP is oligomycin insensitive, independent of
energy coupling (Fig. 6), and not directly dependent on the ratio [ATP]/[ADP] - [P;]
(Fig. 5). The inhibition by anions increases with increasing charge, and polyvalent
anions appear to be much stronger inhibitors than phosphate ions, which are essen-
tially monovalent at pH 6.5.

The isolated oxidase is inhibited by ATP only at low ionic strength, showing
that high ionic strength masks the effect of ATP, again suggesting that it is an electro-
static effect. ATP does not increase the maximal velocity with yeast cytochrome ¢, and
it does not decrease the Hill coefficient, unlike the addition of high phosphate concen-
trations.

In view of the fact that ATP abolishes the activation of cytochrome ¢ oxidase
by promitochondiial membranes, it is likely that ATP prevents the attraction or the
binding of cytochrome ¢ to the membrane. In the isolated oxidase, where the endoge-
neous phospholipids probably form much less extensive membranes, the effects of
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polyvalent anions are seen only at low ionic strength where the membrane electro-
static potential is not masked by the buffer.

Some of the results indicate that the effect of ATP is larger than, and of a
different type from that due to Debye-Hiickel screening of the negative electrostatic
potential on the membrane, an effect which depends on the ionic strength. Ferricyto-
chrome ¢ binds anions, including ATP and ADP [69], but there is some evidence that
ADP at least, does not bind to ferrocytochrome ¢ [70]. There is also no clear evidence
that ATP binds to ferrocytochrome c (see ref. 69), and NMR studies have shown that
ATP and ADP interact only very weakly compared with phosphate [71]. The binding
of anions to ferricytochrome c is not sufficient to account for the inhibition observed
in both the steady-state and initial rate measurements (Figs. 5 and 8). However, the
possibility that a cytochrome ¢ - ATP complex inhibits the oxidase should be considered
and tested in further experiments.

A simultaneous fit to the data in the absence and presence of ATP (Fig. 8)
using the model of Monod et al. [45] was performed in collaboration with Dr. M.
Markus. The effect of ATP could be described by considering an ATP - ferrocyto-
chrome ¢ complex as an allosteric inhibitor. The following results were obtained:
V =33 uM/min+6 %, Lo(Kx)® = 1.9 uM3+30%, ¢; =0.3+20%, ¢ =0, n =3,
where V is the maximal velocity, L, is the allosteric constant, Ky is the dissociation
constant of the substrate - R protomer complex, ¢ and ¢; are the non-exclusive
binding coefficients for the substrate and the substrate - ATP complex, respectively,
and n is the number of protomers. The correlation between the parameters Ly and Ky
as well as between the dissociation constants of the two substrate - ATP - protomer
complexes was so great for the given data, that they could not be determined separate-
ly.

Some kind of conformational change or rearrangement of the oxidase may
occur when yeast cytochrome ¢ binds to it. Reports from this and other laboratories
have indicated that cytochrome ¢ oxidase can bind up to 2 mol of cytochrome ¢ per
mol of cytochrome aa; [25, 26, 46]. A Hill coefficient of 2.35 requires that more than
two sites interact to produce this conformational change. It may be relevant that a
good fit of the data was obtained with n = 3 or » = 4, suggesting that cooperative
interactions occur within groups of three of four oxidase molecules.

Evidence is accumulating that membrane proteins may be associated in
clusters within the membrane. This is the case for the bacteriorhodopsin of Halobac-
terium halobium [72] and may also be true for complexes of the mitochondrial re-
spiratory chain [82-86]. By lowering the affinity of cytochrome c¢ for the membrane,
ATP would decrease the average number of cytochrome ¢ molecules which are present
on the membrane surface and as suggested are undergoing lateral diffusion between
the electron transfer complexes.

The cytochrome ¢ binding site of the oxidase is located on the outer surface of
the mitochondrial inner membrane (for a review, see ref. 87). Therefore the external
concentration of ATP could affect the rate of electron transfer between cytochrome ¢,
and a, as has been previously proposed [25]. The specific interaction between yeast
cytochrome ¢ and the yeast oxidase may have evolved because of the selective advan-
tage of the sigmoidal kinetics which produce a higher sensitivity to ATP. Although
ADP is also an inhibitor of cytochrome ¢ oxidase, there are indications that the exter-
nal concentration of ATP is at least four times that of ADP [88]. A similar inhibition
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by ATP has been reported for NADH dehydrogenase [89]. These results raise the
possibility that the level of ATP regulates electron transfer at several steps, in addition
to controlling the ATPase via the formation of a complex between the ATPase and its
natural inhibitor [90].

APPENDIX

On the occurrence of two-dimensional diffusion of cytochrome ¢ on the membrane
surface

The observation that there is very little free cytochrome ¢ in the cytoplasm [73]
implies that it is virtually all bound to the mitochondrial membrane. Thus two-
dimensional diffusion on the surface of the membrane is the most likely mechanism by
which cytochrome c transfers electrons between cytochromes ¢, and a. This possibility
has been mentioned elsewhere [74].

Cytochrome ¢ will be attracted by the negative electrostatic potential on the
surface of the phospholipid membrane. During its residence time on the surface,
lateral two-dimensional diffusion will occur with a relatively high diffusion coefficient
owing to the mobility of the phospholipids in the membrane (D = 1078 cm?/s [75]).
Thus statistically a certain area of the membrane can be covered by the substrate,
producing a highly efficient *““sink” for substrate molecules round each “target™ oxidase
molecule. The encounter distance for the reaction between the enzyme and the non-
specifically bound substrate may then be represented by the diffusional distance, r
[76], which is of the order of [60]:

r & v (Dy/kgses) (1)

where D, is the two-dimensional diffusion coefficient and k;;,,, the dissociation constant
of the non-specifically bound substrate. The average inner membrane area per cyto-
chrome a molecule is about 50 000 A2 [77], which corresponds to a radius of diffusion
of 126 A. This agrees reasonably well with observations of the inner mitochondrial
membrane under the electron microscope [78] which showed that the distance between
cytochrome ¢ oxidase molecules (= 2r) is about 400 A. If D, is taken as 10~® cm?/s,
Eqn. 1 gives k,;, = 6 - 103 s™1. A dissociation rate constant greater than 103 s~ has
been postulated [79], to fit the experimental data in 66 mM phosphate, which will
speed up the dissociation. If oxidase molecules occur in clusters, the estimated value of
Kaiss 18 inversely proportional to the number of molecules per cluster.

The non-specific binding of a ligand to the membrane, followed by rapid two-
dimensional diffusion, can enhance the association rate constant, as shown by Richter
and Eigen [60], who derived the following relation:

—b

on = %5 exp(—mnb/r)—1 @
where D ; is the three-dimensional diffusion coefficient and b is Bjerrum’s length:
b = —zz. e*/4nekT ®3)

z, and z,, are the number of charges on the substrate and membrane, respectively, ¢ is
the charge of a proton, and ¢ is the dielectric constant. The charge on the membrane
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is related to the surface electrostatic potential, ¥, according to the Gouy-Chapman
theory [80, 81] for a 1 : 1 electrolyte, as follows:

¥ = (2kT/e)sinh ™' (62e?/8enkT)* @)

where ¢ is the surface charge density and » is the number of ions per unit volume of
the medium. For 10 mM cacodylate/Tris (5.9 mM monovalent cations and anions),
¥ = —13 mV (see Discussion above) and from Eqn. 4, ¢ = —1.4 - 10'2 charges per
cm?. This is of the same order of magnitude as the value for Escherichia coli deter-
mined from electrophoretic mobilities [6].

If the membrane area per cytochrome a molecule is 50 000 A2 [77], then z,, =
—7.2. Since z, is about 9.5 for cytochrome ¢ [16], Eqn. 3 gives b =490 A, in the
absence of shielding by the ionic atmosphere. Therefore, if D; ~ 10~ ¢ cm?/s, from
Eqn. 2 k,, is of the order of 4- 10'° M ™! - s™! at zero ionic strength. Experimental
values for the rate constant of reaction of cytochrome ¢ with cytochrome a are of the
order of 107 M™! - s~! [91-94]and the rate constant of complex formation is expected
to be more rapid than this. From the calculated values of kg, and k,, the equilibrium
binding constant may be calculated to be about 2 - 10~7 M, which is near the experi-
mental value for K, reported in this paper (3.5- 10~ M, Fig. 1).

ACKNOWLEDGEMENTS

We are grateful to Dr. H.—J. Wieker for his help in computer fitting, to Mrs. M.
Lessmann for skilled technical assistance, and to Dr. D. Kuschmitz and Dr. T. A.
Reed for helpful suggestions during preparation of the manuscript.

REFERENCES

Barlow, G. H. and Margoliash, E. (1966) J. Biol. Chem. 241, 1473-1477

Nicholls, P. (1964) Arch. Biochem. Biophys. 106, 25-48

Tsou, C. L. (1952) Biochem. J. 50, 493499

Estabrook, R. (1961) in Haematin Enzymes (Falk, J. E., Lemberg, R. and Morton, R. K.,

eds.), Part 1, pp. 276-278, Pergamon Press, Oxford

Kimelberg, H. K., Lee, C. P., Claude, A. and Mrena, E. (1970) J. Membrane Biol. 2, 235-

251

Katchalski, E., Bichowsky-Slomnitzki, L. and Volcani, B. E. (1953) Biochem. J. 55, 671-680

Hubbard, S. C. and Brody, S. (1975} J. Biol. Chem. 250, 71737181

Goldstein, L., Levine, Y. and Katchalski, E. (1964) Biochemistry, 3, 1913-1919

Davies, R. C., Neuberger, A. and Wilson, B. M. (1969) Biochim. Biophys. Acta 178, 294

305

10 Engasser, J.-M. and Horvath, C. (1975) Biochem. J. 145, 431435

11 Maurel, P. and Douzou, P. (1976) J. Mol. Biol. 102, 253-264

12 Greenlees, J. and Wainio, W. W. (1959) J. Biol. Chem. 234, 658-661

13 Tzagoloff, A. and MacLennan, D. H. (1965) Biochim. Biophys. Acta 99, 476485

14 Tzagoloff, A. (1969) J. Biol. Chem. 244, 5020-5026

15 Sun, F. F. and Crane, F. L. (1969) Biochim. Biophys. Acta 172, 417-428

16 Margoliash, E. and Schejter, A. (1966) Adv. Protein Chem 21, 113-286

17 Dickerson, R. E. and Timkovich, R. (1975) in The Enzymes (Boyer, P. D., ed.), Vol. XI,
pp. 397-547, Academic Press, New York

18 Lemberg, R. and Barrett, J. (1973) Cytochromes, pp. 166, 344, Academic Press, London

19 Smith, L., Nava, M. E. and Margoliash, E. (1973) in Oxidases and Related Redox Systems II

(King, T. E., Mason, H. S. and Morrison, M., eds.), pp. 629-638, University Park Press,

Baltimore

“ AW -

\O 00 -~



20
21
22
23
24

25

26

27
28
29

30

31

32
33
34
35
36

37
38
39
40

41
42
43
44

45
46

60

233

Morrison, M., Steele, W. and Danner, D. J. (1969) Arch. Biochem. Biophys. 134, 512-523
White, G. A. and Elliott, W. B. (1972) Biochem. Biophys. Res. Commun. 47, 1186-1195
Cooper, S. C., Lambek, J. and Erecifiska, M. (1975) FEBS Lett. 59, 241-244

Erecifiska, M. (1975) Arch. Biochem. Biophys. 169, 199-208

Azzi, A., Montecucco, C. and Richter, C. (1975) Biochem. Biophys. Res. Commun. 65, 597—-
603

Ferguson-Miller, S., Brautigan, D. L. and Margoliash, E. (1976) J. Biol. Chem. 251, 1104—
1115

Roberts, H. and Hess, B. (1976) Abstract No. 06-2-152, Xth International Congress of Bio-
chemistry, Hamburg

Kagawa, Y. and Racker, E. (1971) J. Biol. Chem. 246, 5477-5487

Mattoon, J. R. and Balcavage, W. X. (1967) Methods Enzymol. 10, 135-142

Sekuzu, I., Mizushima, H., Hirota, S., Yubisui, T., Matsumura, Y. and Okunuki, K. (1967)
J. Biochem. Tokyo 62, 710-718

Sherman, F., Stewart, J. W., Parker, J. H., Inhaber, E., Shipman, N. A., Putterman, G. J.,
Gardisky, R. L. and Margoliash, E. (1968) J. Biol. Chem. 243, 5446-5456

Sossinka, J. (1974) Inaugural Dissertation, Faculty of Department for Biology, Ruhr-Univers-
ity, Bochum

Slack, E. and Bursell, E. (1972) Biochim. Biophys. Acta 256, 287-292

Jacobs, E. E. and Sanadi, D. R. (1960) J. Biol. Chem. 235, 531-534

Arion, W. J. and Wright, B. J. (1970) Biochem. Biophys. Res. Commun. 40, 594~599

Van Gelder, B. F. (1966) Biochim. Biophys. Acta 118, 36-46

Lowry, O. H., Rosebrough, N. J., Farr, A. L. and Randall, R. J. (1951} J. Biol. Chem. 193,
265-275

Yonetani, T. and Ray, G. S. (1965) J. Biol. Chem. 240, 3392-3398

Wieker, H.-J., Johannes, K.-J. and Hess, B. (1970) FEBS Lett. 8, 178-185

Paltauf, F. and Schatz, G. (1969) Biochemistry 8, 335-339

Mackler, B., Douglas, H. C., Will, S., Hawthorne, D. C. and Mahler, H. R. (1965) Bio-
chemistry 4, 2016-2020

Onishi, T., Kroger, A., Heldt, H. W., Pfaff, E. and Klingenberg, M. (1967) Eur. J. Biochem.
1, 301-311

Lee, C. P. (1971) in Probes of Structure and Function of Macromolecules and Membranes
(Chance, B., Lee, C. P. and Blasie, J. K., eds.), Vol. I, pp. 417426, Academic Press, New York
Creutz, C. and Sutin, N. (1974) J. Biol. Chem. 249, 6788-6795

Dixon, M. and Webb, E. C. (1964) Enzymes, pp. 81-84, Longmans, London

Monod, J., Wyman, J. and Changeux, J.-P. (1965) J. Mol. Biol. 12, 88-118

Kuboyama, M., Takemori, S. and King, T. E. (1962) Biochem. Biophys. Res. Commun. 9,
534-539

Chuang, T. F., Awasthi, Y. C. and Crane, F. L. (1973) J. Bioenerg. 5, 27-72

Jost, P., Griffith, O. H., Capaldi, R. A. and Vanderkooti, G. (1973) Biochim. Biophys. Acta
311, 141-152

Reich, M. and Wainio, W. W. (1961) J. Biol. Chem. 236, 3058-3061

Das, M. L. and Crane, F. L. (1964) Biochemistry 3, 696-700

Gulik-Krzywicki, T., Schechter, E., Luzzati, V. and Faure, M. (1969) Nature 223, 1116-1121
Vanderkooi, J., Erecifiska, M. and Chance, B. (1973) Arch. Biochem. Biophys. 154, 219-229
Chuang, T. F. and Crane, F. L. (1973) J. Bioenerg. 4, 563-578

Awasthi, Y. C., Chuang, T. F., Keenan, T. W. and Crane, F. L. (1971) Biochim. Biophys.
Acta 226, 42-52

Zahler, W. L. and Fleischer, S. (1971) J. Bioenerg. 2, 209-215

Wharton, D. C. and Griffiths, D. E. (1962) Arch. Biochem. Biophys. 96, 103-114

Benga, G. and Borza, V. (1975) Arch. Biochem. Biophys. 169, 354-357

Smith, L. and Minnaert, K. (1965) Biochim. Biophys. Acta 105, 1-14

Nicholls, P. (1965) in Oxidases and Related Redox Systems (King, T. E., Mason, H. S. and
Morrison, M., eds.), Vol. 2, pp. 764-777, Wiley, New York

Richter, P. H. and Eigen, M. (1974) Biophys. Chem. 2, 255-263

Letellier, L. and Schechter, E. (1973) Eur. J. Biochem. 40, 507-512

62 Chapman, D. and Urbina, J. (1971) FEBS Lett. 12, 169-172



234

63
64

65
66
67

68
69
70
71
72
73
74
75
76
77
78
79
80
81
83
84
85
86

87
88

89
90
91
92
93

94

Kimelberg, H. K. and Papahadjopoulos, D. (1971) J. Biol. Chem. 246, 1142-1148

Changeux, J.-P., Thiéry, J., Tung, Y. and Kittel, C. (1967) Proc. Natl. Acad. Sci. U.S. 57,
335-341

Jain, M. K. and White, H. B. (1976) Adv. Lipid Res. 15, in the press

Wohlrab, H. (1970) Biochemistry 9, 474-479

Weast, R. C. (ed.) (1964) Handbook of Chemistry and Physics, 45th edn., The Chemical
Rubber Co., Cleveland

Alberty, R. A., Smith, R. M. and Bock, R. M. (1951) J. Biol. Chem. 193, 425434
Margoliash, E., Barlow, G. H. and Byers, V. (1970) Nature 228, 723-726

Margalit, R. and Schejter, A. (1973) Eur. J. Biochem. 32, 500-505

Stellwagen, E. and Shulman, R. G. (1973) J. Mol. Biol. 75, 683-695

Blaurock, A. E. and Stoeckenius, W. (1971) Nat. New Biol. 233, 152-155

Chance, B. and Hess, B. (1959) Science 129, 700-708

Nicholis, P. (1976) Biochim. Biophys. Acta 430, 30-45

Lee, A. G., Birdsall, N. J. M. and Metcalfe, J. C. (1973) Biochemistry 12, 1650-1659

Eigen, M. (1974) in Quantum Statistical Mechanisms in the Natural Sciences (Kursonoglu,
B., Mintz, S. L. and Widmayer, S. M., eds.), pp. 37-61, Plenum Publ. Corp. New York
Klingenberg, M. (1967) in Mitochondrial Structure and Compartmentation (Quagliariello,
E., Papa, S., Slater, E. C. and Tager, J. M., eds.), p. 124, Adriatica Editrice, Bari
Miller-Hammon, K., Day, J., Shaw, A., Shaw, P., Tobleman, M. and Hackenbrock, C. R.
(1975) Texas Rep. Biol. Med. 33, 359

Nicholls, P. and Chance, B. (1974) in Molecular Mechanisms of Oxygen Activation
(Hayaishi, O., ed.), pp. 479-534, Academic Press, New York

Verwey, E. J. W. and Overbeek, J. T. G. (1948) Theory of the Stability of Lyophobic
Colloids, Elsevier Publ. Co., New York

Davies, J.-T. and Rideal, E. K. (1961) Interfacial Phenomena, Academic Press, New York
Reed, J. and Hess, B. (1977) Biochim. Biophys. Acta, submitted

Bryla, J., Kaniuga, Z. and Slater, E. C. (1969) Biochim. Biophys. Acta 189, 317-326
Hackenbrock, C. R. and Miller, K. J. (1975) J. Cell Biol. 65, 615-630

von Jagow, G., Engel, W. D., Riccio, P. and Schigger, H. (1976) Abstracts Bioenergetic
Workshop on Electron Transport, Oxidative Phosphorylation — Photophosphorylation,
Hamburg

Hyashi, H., Vanderkooi, G. and Capaldi, R. A. (1972) Biochem. Biophys. Res. Commun.
49, 92-98

Nicholls, P. (1974) Biochim. Biophys. Acta 346, 261-310

Elbers, R., Heldt, H. W., Schmucker, P. and Wiese, H. (1972) Hoppe-Seyler’s Z. Physiol.
Chem. 353, 702-703

Gutman, M. and Silman, N. (1974) FEBS Lett. 47, 241-243

van de Stadt, R. J. and van Dam, D. (1974) Biochim. Biophys. Acta 347, 240-252

van Buuren, K. J. H., van Gelder, B. F., Wilting, J. and Braams, R. (1974) Biochim. Biophys.
Acta 333, 421-429

Wilson, M. T., Greenwood, C., Brunori, M. and Antonini, E. (1975) Biochem. J. 147, 145~
153

Andréasson, L.-E., Malmstrom, B. G., Stromberg, C. and Vinngard, T. (1972) FEBS Lett.
28, 297-301

Gibson, Q. H., Greenwoood, C., Wharton, D. C. and Palmer, G. (1965) J. Biol. Chem. 240,
888-894



