Biochimica et Biophysica Acta 893 (1987) 499-507 499
Elsevier

BBA 42627

Correlation of the turnover number of the ATP synthase in liposomes
with the proton flux and the proton potential across the membrane
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The fluorescent indicator pyranine was used for recording the intermal pH of liposomes. The proton
permeability was deduced from the velocity of the internal pH increase which was caused by shifting the
external pH from 7 to 9. From valinomycin titration of the proton permeability in the presence of internal
and external KCl (0.1 M), the permeability coefficient of H* (P,;) was obtained as 10 ~4em/s at 22°C.
The coefficient was twice this value with the ATP synthase isolated from Wolinella succinogenes present in
the liposomal membrane (10 mg protein /g phospholipid). ADP and phosphate had no effect on the latter
P,;. The protonophore TTFB (5 pmol /g phospholipid) increased the P,; by 3 orders of magnitude. The
permeability coefficients of H* and K* were used for calculating the Afi; and the proton flux associated
with the phosphorylation which was driven by gradients of H* and K*. For the conditions of limiting
permeability of K™, the following conclusions were drawn. (1) In the steady state of rapid ion flux, the
electrical potential across the liposomal membrane as calculated according to the Goldman equation, is
directed opposite to the corresponding Nernst potential which is calculated from the K* gradient. (2) The
maximum turnover numbers of phosphorylation require a Afy of 200-220 mV across the liposomal
membrane. These values of Afi,; and the corresponding turnover numbers are close to those brought about
by the bacterial electron transport and the coupled phosphorylation. (3) The velocity of phosphorylation is
linearly related to the proton flux. The slope of the line can be explained on the basis of an H* /ATP ratio
of approx. 3.

Glossary

Symbol Specification Unit

B buffering capacity mol H* /g phospholipid
Cy, Cx ~ concentration of H", K* mol /1

C’, Ca internal, external concentrations mol /1

dpH'/dt velocity of internal pH change s~!
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Ju proton flux across liposomal membrane mol H*-s71.cm™2
k F/RT v

o specific surface of bilayer 2.6 - 10° cm? /g phospholipid
Py permeability coefficient of H* cm/s

PEP apparent permeability coefficient of H* cm/s

Py permeability coefficient of K* cm/s

v internal volume of liposomes ml /g phospholipid
Ay Goldman potential (Eqn. 4) mV

Ay y Nernst potential mV

Afig electrochemical proton potential across a membrane mV.

Introduction Methods

Liposomes containing the ATP synthase iso-
lated from Wolinella succinogenes [1] were earlier
found to catalyze ATP synthesis from ADP and
phosphate [2]. The reaction was driven by gradi-
ents of H* and K™ across the liposomal mem-
brane in the presence of valinomycin. The turnover
number was commensurable with that of the en-
zyme in the bacterial membrane, when the sum of
the potentials, as calculated from the gradients
according to the Nernst equation, was 280 mV.
With the Nernst potential below 150 mV, the
turnover number was more than an order of mag-
nitude smaller. A similar relation of the turnover
number to the potential across the membrane was
observed with other ATP synthases both in lipo-
somes or in their original membrane {3-7]. The
reason for this relation has been investigated in
the work presented.

The electron transport activity of cells and in-
verted vesicles of W. succinogenes was found to
generate a Afiy; of approx. 180 mV [8]. Thus the
driving force of phosphorylation required with the
liposomes seemed to exceed that necessary with
the bacterial membrane by about 100 mV. To
investigate this discrepancy, phosphorylation
velocity and Afiy should be simultaneously mea-
sured with the liposomes. However, these mea-
surements would be extremely difficult. The veloc-
ity of phosphorylation was found to decrease al-
ready after 5 s [2], while equilibration of the
indicators of Afiy across the membrane would
require distinctly greater time periods. Therefore,
it was attempted to measure the permeability coef-
ficients of H* and K™*. These coefficients were
used to calculate the Afiy and the proton flux
across the membrane.

Preparation of liposomes. Liposomes were pre-
pared essentially as described earlier [2]. Soybean
phospholipid (0.1 g, Sigma, no. P 5638) was soni-
cated for 10 min at 0°C in 2.5 ml of the incuba-
tion medium (0.1 M Mes/0.1 M glycylglycine /50
mM NaH,PO,/0.1 M KCl (pH 7.0)) containing
0.1 mM pyranine. Sonication was done using the
Branson sonifier equipped with the microtip, at 40
W and 50% duty cycle. The suspension was frozen
in liquid N, and then thawed at room tempera-
ture. This freeze-thawing procedure was repeated
twice. For incorporation of the ATP synthase
isolated from W. succinogenes [1], the enzyme (10
mg protein/g phospholipid) was added to the
sonicated suspension and the mixture was freeze-
thawed as described above.

The suspension was kept at 0°C for at least 2
h, before the free external pyranine was separated
by passing the liposomal suspension (0.2 ml)
through a 1-ml column of Sephadex G-25 at room
temperature. Equilibration and elution was done
with the incubation medium.

Valinomycin and TTFB were applied in di-
methylsulfoxide solution.

Recording of pyranine fluorescence. The lipo-
somes were suspended (1 g phospholipid /1) at
22°C in the incubation medium. The Eppendorf
fluorometer was used with 1 cm cuvettes. The
excitation wavelength was 436 nm. The fluo-
rescent light was passed through a 470 nm cut-off
glass filter.

The proportion of pyranine bound to the exter-
nal liposomal surface (a) was evaluated from the
very fast fluorescence signal which was caused by
a shift of the external pH to 9 in the absence of
ionophores. From this signal the fluorescence of
the total external pyranine was calculated using



the buffer equation with pK=72. a is repre-
sented by the ratio of this fluorescence and FI .
(see Fig. 1 and legend of Fig. 2).

Phospholipid. Phospholipid was determined as
inorganic phosphate after ashing the liposomes [9].
The average molecular weight of the phospholi-
pids was assumed as 800.

The specific surface of the liposomal membrane
is 0=2.6-10° cm?/g phospholipid. This value
corresponds to a surface requirement of a single
phospholipid molecule of 0.7 nm’.

Internal volume of the liposomes. The liposomes
were prepared as described above. However, the
external pyranine and phosphate was replaced by
NaCl using a 1-ml column of Dowex 1-X8 (50-100
mesh). The internal volumes were calculated from
the liposomal contents of inorganic phosphate or
pyranine, using the corresponding concentrations
in the liposomal preparation buffer (incubation
medium). Inorganic phosphate [9] was determined
after lysis of the liposomes with 1% dodecylsul-
fate. The pyranine content was calculated from
the fluorescence of the liposomal suspension with
the external pH > 10, using the fluorescence of a
known amount of pyranine.

Buffering capacity of the liposomes at pH 7-9.
The buffering capacity of the phospholipids was
measured by pH-titration of a suspension of intact
liposomes in 0.1 M KCl. The external pH was
recorded as a function of the amount of KOH
added using a glass electrode. The capacity of the
internal buffer solutes was calculated in steps of
0.1 pH units according to the buffer equation
using the concentrations and pK values of the
individual buffer solutes in the liposomal prepara-
tion buffer (incubation medium) and the internal
volume.

Results

Liposomes were prepared from soybean phos-
pholipids using sonication. The suspension was
freeze-thawed with or without ATP synthase (10
mg protein /g phospholipid) present. Freeze thaw-
ing caused enlargement of the liposomes and com-
plete incorporation of the enzyme. For determin-
ing the internal buffering capacity of the lipo-
somes their average internal volume had to be
measured.
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Internal volume

The liposomes were prepared in a buffer con-
taining 50 mM phosphate. After the external
phosphate was removed by means of an anion-ex-
change column, the average internal volume of the
liposomes was determined from the phosphate
content. From the average internal volume (1.63
ml/g phospholipid), the corresponding inner di-
ameter was calculated as 38 nm. The calculation
was done assuming globular shape and unilamel-
lar structure of the liposomes. Electron micro-
scopic inspection of the preparation after negative
staining confirmed the unilamellar structure of the
liposomes and indicated that their diameter ranged
between 20 and 150 nm. Incorporation of the ATP
synthase did not alter the size of the liposomes.

Buffering capacity of the liposomes

For evaluating proton permeability coefficients
from internal pH changes, the internal buffering
capacity of the liposomes had to be known.
Buffering was caused by the phospholipids and
the buffer solutes present within the liposomes.
The buffering capacity of the phospholipids was
determined by pH titration. The average slope of
the titration curve between pH 7 and 9 was 55
pmol H* /g phospholipid per pH unit. The buffer-
ing capacity so obtained referred to external
surface of the phospholipid bilayer. The buffering
capacity of the internal phospholipid was assumed
to be the same. The capacity of the buffer solutes
within the liposomes was calculated to be 105
pmol H* /g phospholipid per pH unit. The total
internal buffering capacity used with Eqn. 3 (B =
160 pmol H™ /g phospholipid) represents the sum
of the two values.

Status of the liposomal pyranine

The pyranine associated with the liposomes was
present in two different states [10,11]. This was
concluded from the fluorescence response of lipo-
somal suspensions that was caused by a sudden
increase of the external pH (addition of 60 mM
NaOH in the experiment of Fig. 1: see curve II
and III). The smaller proportion responded very
fast even in the absence of the protonophore. The
response of the residual part was slow, but was
considerably accelerated by a protonophore,
valinomycin (see Fig. 1) or Triton X-100. The



502

A
——
@
o
(=
8
3
8
e
P F'mox
80mM
NaOH

Fig. 1. Recording of the pyranine fluorescence of a liposomal
suspension after increasing the external pH. Liposomes con-
taining 25000 (curve I, -—.-.), 50 (curve II, Yor 5
nmol valinomycin/g phospholipid (curve I, — — —) were
suspended (1 g phospholipid /1) in the incubation medium. The
first (60 mM) and second addition of NaOH (0.12 M) brought
the external pH to 8.7 and to more than 10 respectively. The
subsequent addition of HCI caused the external pH to drop
below pH 5. The corresponding minimum fluorescence signal
was used as the basis for calculating the internal pH according
to the equation given in the legend of Fig. 2.

proportion of the fast responding pyranine could
not be decreased by repeated filtration of the
liposomes through an anion exchanger or Sep-
hadex gel which was found to bind free pyranine.
It was constant for at least 24 h, provided that the
filtration was done 2 h after freeze-thawing or
later. These findings suggested that the fast re-
sponding pyranine was bound to the external
surface of the liposomes, while the residual part
was separated from the external medium by the
liposomal membrane. From the fast responding
fluorescence signal the amount of externally bound
pyranine was determined as 7.5%. Titration of the
bound species gave a pK which was close to that
of the internal pyranine (7.2). The pK of free
pyranine was measured as 7.3. The amount of
pyranine which was bound to the membrane was
estimated by comparing the contents of pyranine
and phosphate of the liposomes after removal of
the external anions. It was found that the pyranine
content exceeded that of phosphate by approx.
4%. This results supported the view that less than
10% of the total pyranine is bound to the lipo-
somal membrane.

Clement and Gould [11] suggested that the very
fast responding part of the fluorescence was also
caused by the internal aqueous pyranine. They

discussed that the fast phase was due to unlimited
proton flux, which was subsequently inhibited by
a Goldman potential caused by counterflux limita-
tion. This situation did not apply under the condi-
tions used here. From the capacitance of the lipid
bilayer (1 pF/cm?) [12]) it was calculated that 1
pmol H* /cm? had to pass through the membrane
for establishing an inhibiting potential of 100 mV.
As the internal buffering capacity (B/0 = 62 pmol
H* /cm?) was nearly 2 orders of magnitude greater,
the corresponding fluorescence response of the
internal pyranine would be negligible.

Permeability coefficient of protons

In the experiment illustrated in Fig. 1, the
fluorescence of three liposomal suspensions that
contained different amounts of valinomycin was
recorded. The internal and external pH was 7.0.
The addition of 60 mM NaOH caused the external
pH to rise to 8.7. After the very fast phase of
fluorescence increase which was due to the exter-
nally bound pyranine and was not resolved kineti-
cally, the response of the internal pyranine was
recorded. The fluorescence signal increased rapidly
with the largest amount of valinomycin (25 pmol /g
phospholipid) present. With the two smaller
amounts of valinomycin, a slow rate of fluores-
cence increase was observed until the protono-
phore TTFB was added. The second addition of
NaOH raised the pH above 10 and the subsequent
addition of HCI caused the pH to drop below 5.
The corresponding difference in fluorescence in-
tensity (FI,,,,) was used as a reference for evaluat-
ing the internal pH.

For determining the permeability coefficient of
protons (Py) according to Eqn. 1, proton fluxes,
Jy, had to be calculated from the velocities

Ju = Pu(Cis— Cfy) 09

of the fluorescence changes. This was done using
the velocity of the internal pH change (dpH'/d?),
the internal buffering capacity (B) and the specific
surface of the phospholipid bilayer (O) according

to Eqn. 2.

dpH' B

‘]H = d:r O (2)

Combination of Eqns. 1 and 2 gave Eqn. 3,



where Py was replaced by the apparent

dpH!
- dt
O(Ch—Ch)

B

Py 3

permeability coefficient (Pgf). Pif would apply,
if the proton flux was not only a function of the
concentration gradient of protons, but was also
influenced by an electrical potential (Ay/) across
the membrane. The occurrence of a Ay in experi-
ments such as shown in Fig. 1 could not be
excluded in the absence of further information.
Fig. 2A was obtained by conversion of the
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Fig. 2. (A). Time-course of the internal pH of the liposomal
suspension after an increase of the external pH. Evaluation of
the experiment of Fig. 1 (W, curve I; a, curve II; @, curve III).
The internal pH (pH') was calculated from the corresponding
fluorescence signal (F) and FI_,, (see Fig. 1) according to the
following equation:

(1_ a)Flmax
aFl ..

I ok

pH! = pK —log

The pK (7.2) refers to the liposomal pyranine. a (0.075)

designates the fraction of the externally bound pyranine (see

Methods section). pH® designates the external pH. (B) The

apparent permeability coefficients of H* (Pff) were calcu-

lated from the velocities of pH' increase at the points indi-

cates, according to Eqn. 3 with the B=160 pmol H¥/g
phospholipid.
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fluorescence signals of Fig. 1 to values of internal
pH (pH') (see legend of Fig. 2). This conversion
implied correction for the fluorescence signals
caused by the external pyranine. From the time
course of pH', PP was evaluated (Fig. 2B) using
the points drawn in Fig. 2A. The various values of
P so obtained (Fig. 2B) were nearly invariant
with time and were valid throughout the pH range
used (pH 7-9). In the absence of TTFB, P was
nearly the same both with 5 and 50 nmol
valinomycin /g phospholipid. This suggested that
the proton flux was not limited by the counterflux
of K* under these conditions. In a separate ex-
periment (not shown) it was found that the proton
flux was not limited by the concentration of K*
used. (0.1 M).

Upon the addition of 5 pmol TTFB/g phos-
pholipid, P{ increased by 2 orders of magnitude
with 50 and much less with 5 nmol valinomycin /g
phospholipid present. This indicated that the pro-
ton flux was limited by the counterflux of K*
under these conditions. Values of P similar to
those with TTFB present were measured in the
absence of TTFB with a very large amount of
valinomycin (25 pmol /g phospholipid) present.

In experiments similar to those given in Fig. 1
and 2, P{f was determined as a function of the
amount of valinomycin, in the absence of TTFB
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Fig. 3. P{f as a function of valinomycin concentration in the
absence of TTFB. Pif was calculated according to Eqn. 3.
dpH'/dt was determined as described in Fig. 2. The dots (®)
were obtained with liposomes lacking protein and the triangles
(a) with liposomes containing the ATP synthase isolated from
W. succinogenes (10 mg protein/g phospholipid). The data
given on the ordinate were measured without valinomycin.
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(Fig. 3). P# was 10~* cm/s without valinomycin
and did not significantly increase with amounts of
valinomycin up to 0.1 pmol /g phospholipid. This
indiated that the proton flux was apparently not
limited by the counterflux of K*. Therefore P
was equal to the true Py of the liposomal mem-
brane under these conditions. With larger amounts
of valinomycin, P{f was found to increase. This
was probably due to a direct unspecific effect of
valinomycin on Py. Similar results were obtained
with liposomes containing the ATP synthase iso-
lated from W. succinogenes. However, the P;; was
2-107% cm/s in this case. The presence of ADP
and phosphate had no effect on this Py.

The Py of the phospholipid bilayer determined
in this work (10™% cm/s) is in good agreement
with the ‘proton-hydroxide permeability coeffi-
cient’ published by the groups of Nichols [12] and
Deamer {13]. It should be mentioned that proton
permeability coefficients ranging between 107°
cm/s and 3 cm/s have been reported by others
[14-16].

In the experiment of Fig. 4, the P# in the
presence of TTFB was titrated with valinomycin.
The P{f increased with increasing amounts of
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Fig. 4. P{f as a function of valinomycin concentration in the
presence to TTFB (5 pmol/g phospholipid). P (® and a)
was determined as shown in Fig. 2. The dots (®) were obtained
with liposomes lacking protein and the triangles (a) with
liposomes containing the ATP synthase isolated from W. suc-
cinogenes (10 mg protein /g phospholipid). The solid line ( P#P)
was calculated according to Eqn. 6 with Py = 0.1 cm/s. The
dashed line (Ay, ------ ) was calculated according to Eqn. 4
with the values of Py given by the dotted line (-—-—---)
which was calculated from the titration curve given in Ref. 17.

valinomycin until a slight saturation was observed
with about 1 pumol valinomycin/g phospholipid
where P was 0.1 cm/s. This value was regarded
to be the true Py in the presence of TTFB.
Greater amounts of valinomycin caused the PJF
to increase further, probably by unspecifically in-
creasing Py.

The increase of P with the amount of
valinomycin suggests that proton flux is limited by
the counterflux of K* in the presence of TTFB.
This limitation should create a Ay which is given
by the Goldman equation (Eqn. 4).

1 ) CiPy+Cyg Py

AYy=—In— -
k™ Chpg+ClPy

O]

The Ay is calculated from the valinomycin titra-
tion curve of Pg [17] using Py =0.1 cm/s. Both
the curves for Py and Ay are given in Fig. 4.
With values of Py <107 cm/s, Ay (—120 mV)
is determined by the internal and external H*
concentrations, and Jy vanishes because the con-
centration gradient of H™ is balanced by Ay. With
values of Py >107%cm/s, Ay vanishes and Jy; is
no longer limited by the counterflux of K*. The
effect of Ay on Jy should be determined by the
Nernst-Planck equation (Eqn. 5 [18]). To test this
hypothesis

Puk Ay (Clye¥®¥ —ca)
Ju= okAY 1 (%)

the theoretical titration curve of PZP was calcu-
lated from the titration curve of Ay using Eqn. 6
which was obtained from Eqns. 5 and 1 after

_ Pk Ay(Cye*¥-Ch)
(e*4¥ ~1)(Ch - CR)

P (6)

replacing Py in Eqn. 1 by PZ. The theoretical
titration curve of Pif (Fig. 4) is not . linear in
contrast to that of P¢. As the measured values of
PP are close to the theoretical curve, it is con-
cluded that even the greater proton fluxes through
the liposomal membrane in the presence of the
protonophore TTFB are well described by Eqns. 4
and 5. In the presence of 10™° to 10~7 mol
valinomycin /g phospholipid, only the counterflux
of K* has to be taken into account, while those of
other ions are negligible.



Discussion

Correlation of proton flux and velocity of ATP
synthesis

In an earlier publication the turnover number
of phosphorylation was measured with liposomes
containing the ATP synthase [2]. Phosphorylation
was driven by gradients of H* and K*. The
liposomal preparation was much the same as that
used here for determining Py. However, values of
the internal pH between 5 and 6 had to be applied
with the external pH at 9, in order to obtain high
turnover numbers.

It is desirable to know Jy; in the steady state of
phosphorylation. Unfortunately, Jy cannot be
measured directly with the indicator used (pK =
7.3), and suitable indicators are not available.
However, Jy; can be calculated according to Eqns.
4 and 5 from the experimental conditions on the
basis of the assumption that the Py determined
here (Fig. 3) is valid in the steady state of phos-
phorylation. The Py of the lipid bilayer is nearly
independent of pH and surface charge [16] and
should, therefore be valid also at the lower inter-

ATP synthesis (s7!)

05 1.0 1.5
Jy (pmol - m-2- 57"

Fig. 5. Correlation of the turnover number of the ATP syn-
thase and the calculated proton flux across the liposomal
membrane. The turnover numbers were taken from Ref. 2. The
corresponding values of Jy were calculated from the initial
experimental conditions (closed symbols) using Egns. 4 and 5
with Py =2-10"% cm/s and Py =10"% cm/s. The external
pH was 9.0 and the internal concentration of K* was 20 mM
in all the experiments. The internal pH was 5.0 (®, O), 5.5
(aa) or 6.0 (W). In each set of experiments the external
concentration of K* was varied between 15 and 120 mM.
Valinomycin (45 nmol/g phospholipid) was present. The val-
ues of Jy corresponding to the open symbols were calculated
using the internal and external concentrations of H* and K*
which result as a consequence of the initial proton flux for 5 s.
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nal pH. The question is, whether the Py of the
ATP synthase is the same at various velocities of
phosphorylation or not. As a test on this question,
the velocity of phosphorylation is plotted as a
function of the corresponding Jy (Fig. 5). The
values are calculated using the Py obtained with
liposomes containing the ATP synthase (Fig. 3)
and the concentrations of H* and K* that are
valid at the start of the phosphorylation reaction
(closed symbols in Fig. 5). The relation of Jy to
the velocity of phosphorylation can be approxi-
mated by a straight line which passes through the
origin on extrapolation. From the slope of the line
and the average surface density of the ATP syn-
thase on the liposomal membrane (10'* cm?/mol
ATP synthase), the H* /ATP ratio is obtained as
6. This ratio supports the view that the Py used
for calculating Jy is valid in the various steady
states of phosphorylation. The ratio is twice the
widely accepted value of ATP synthesis, because
only half of Jy is mediated by the ATP synthase.
This is a consequence of the finding that the Py of
liposomes is doubled by the incorporation of the
enzyme (Fig. 3). According to Eqn. 5 Jy; increases
proportionally with Py, provided that Ay is not
greatly affected by the alteration of Py (Eqn. 4).

While the values of Ji; apply at the start of the
phosphorylation reaction (closed symbols in Fig.
5), the corresponding velocities of phosphoryla-
tion are calculated from the amounts of ATP
formed after 5 s. After this time period the ion
gradients and the corresponding values of Jy are
smaller than the initial ones. To test the effect of
this discrepancy on the relation between Jy and
the velocity of phosphorylation, the Jy after 5 s
(open symbols in Fig. 5) are calculated from the
corresponding concentrations of H* and K* which
result from a constant initial J; for 5 s. A signifi-
cant difference between the two values is seen
only with the liposomes containing maleinate
buffer (pK = 6.2) at an initial internal pH of 5.0
(dots in Fig. 5). In this case the turnover number
should be correlated with a corresponding average
Jy- This correction would not markedly affect the
fit of the data to the straight line. At the highest
initial Jy, the internal pH rises to 5.4 within the 5
s. However, the Afiy drops by only 6 mV (not
shown).

In summary, Fig. 5 suggests that the turnover
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number of the ATP synthase within the liposomes
is linearly related to Jy; between 0.1 and 1 pmol /s
per cm’. Both the HY/ATP ratio and the Py
appear to be nearly constant in this range. The Py
determined in the experiment of Fig. 3 seems to
apply also in the steady state of rapid phosphory-
lation. The breakdown of Ajiy during the time
period (5 s) required for measuring phosphoryla-
tion is negligible under the experimental condi-
tions used. It is to be mentioned that the free
energy of the ion gradients (Afiy, considering Py
and Py according to Eqn. 4) at the smallest value
of Jy still exceeds the corresponding phosphoryla-
tion potential by a factor of 2.

Correlation of proton flux and Afiy

In Fig. 6 the initial values of Jy (Fig. 5) are
plotted against the corresponding Afi, which are
given by Eqn. 7. As a consequence of Eqn. 5, the
Ay = Ay + 2P ™
relation of the two parameters is exponential. Fur-
thermore, three different curves are obtained which
correspond to the three different sets of experi-
mental conditions (closed symbols in Fig. 6). The
experimental data within a set refer to a common
internal pH (5, 5.5 or 6), but to different external
concentrations of K*. Depending on the internal

e}

o
[3)

Jy (pmol-ecm-2 . 5-1)

1 1 ]
200 300
apy, or (AuH)N (mv)

Fig. 6. Theoretical correlation of Jy toAfiy. The data on the
ordinate are the initial Jy; given on the abscissa of Fig. 5. Afiy
(closed symbols) was calculated according te Eqn. 7 with Ay
given by Eqn. 4. (Afiy)n (open symbols) was calculated from
Eqn. 8 with Ay obtained from the internal and external
concentration of K* according to the Nernst equation.

pH, similar values of Afiy may correspond to
largely different values of Jy.

The three sets of data fit to a common relation,
when Jy; is plotted as a function of (Afi,y)y (Eqn.
8), where the Ay term is calculated from the K™
gradient according to the Nernst equation (open
symbols in Fig. 6).

ApH
(Afim)y = By + =2 ®)

Using the Nernst equation instead of Eqn. 4 im-
plies that Jy is not limited by the counterflux of
K™*. However, the Py which corresponds to the
amount of valinomycin used in the experiment
indicates limitation of Jy by the counterflux of
K™. As a consequence, the Ay calculated accord-
ing to Eqn. 4 is directed opposited to Ay at the
greater values of J;. Therefore, Afiy is distinctly
smaller than (Afiy)y (Fig. 6). The difference is
most pronounced with the data corresponding to
an internal pH of 5, where it amounts to 62 mV.
Thus the actual Afi,; across the liposomal mem-
brane which is valid in the steady state of rapid
phosphorylation (220 mV) is apparently close to
the Afiy; (180 mV) generated by the electron trans-
port across the membrane of inverted bacterial
vesicles [8]. The maximum turnover number of the
ATP synthase in liposomes (Fig. 6) is about half
that measured with the bacterial vesicles, where
phosphorylation is driven by electron transport
[2]. This suggest that the isolated ATP synthase
has retained nearly its original capacity of phos-
phorylation after incorporation into liposomes.
Furthermore, the enzyme can operate with its
original activity at values of Aji; commensurable
with those brought about by electron transport.
This is consistent with the view that the energy of
the electron-transport reaction is exclusively trans-
duced by means of the Afiy [19].

The exponential relation of the turnover num-
ber of ATP synthesis to (Afiy)n Was observed
with many ATP synthases [3-7], and was interpre-
ted as a threshold response of the enzymes. As
shown in Fig. 6, this exponential relation is ap-
parently a consequence of the relation of Jy to
(Afig)n, while the turnover number is linearly
related to Jy (Fig. 5). This argues against a
threshold response of the enzyme at free energies
of the Afiy exceeding the phosphorylation -poten-



tial. It rather appears that the velocity of phos-
phorylation and Jy are related to their common
driving forces as expressed by Eqn. 5.
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