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Abstract Thylakoid energization by light causes destabilization
of CF0CF1 so that the peripheral CF1 sector is more readily
detached from the membrane by intermediate concentrations of
the chaotropic salt NaSCN. Here we have investigated the
correlation between the proton gradient-induced change of
CF0CF1 interaction and CF0CF1 activation. The results indicate
a close relationship between the two phenomena. The effect is
most probably due to reduction of the electrostatic interaction
between the two subcomplexes CF0 and CF1 as a consequence of
protonations in the interface region.
z 1999 Federation of European Biochemical Societies.
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1. Introduction

The proton translocating reversible ATPase (ATP synthase,
CF0CF1) of the thylakoid membrane catalyzes the formation
of ATP from ADP and phosphate at the expense of the trans-
membrane electrochemical proton potential di¡erence gener-
ated by photosynthetic electron transport. The membrane-in-
tegral subcomplex CF0 enables proton translocation, while
the attached extrinsic CF1 sector forms the catalytic part [1].
Coupling between proton translocation and phosphorylation
is explained by an energy-linked binding change mechanism
[2] involving cyclic changes of the protein conformation.

ATP hydrolysis catalyzed by isolated F1 or an isolated
K3L3Q aggregate has been shown to be related to rotation of
the central Q subunit in the K3L3 ring [3^5] which may cause
sequential opening and closing of the three catalytic sites. This
¢nding has raised a coupling hypothesis based on the assump-
tion that the H� £ow-driven rotation of a cylinder consisting
of 12 membrane-spanning proteolipid molecules (= subunits c

or III) causes the rotation of Q subunit in F1 in ATP forma-
tion [6^8]. Such a mechanism would require a connection
between the proteolipid ring and Q and presume that non-
moving parts of the enzyme (`stator') including the F1 head-
piece consisting of K3L3 are ¢xed to the membrane. In spite of
some experimental hints [9^11] these prerequisites are not yet
experimentally settled.

The `photosynthetic ATP synthases' in contrast to the `res-
piratory ATP synthases' are latent enzymes that have to be
activated in order to display catalytic activity. The physiolog-
ical activation requires a proton gradient [12]. Hence the pro-
ton gradient is not only the driving force for ATP synthesis,
but is also a control factor for the ATP synthase. Related to
activation are energy-linked conformational changes in Q
[13,14] and in the O subunit [15] as well as the pmf-dependent
release of a nucleotide [16] tightly bound to one of the three
catalytic sites [17].

In a preceding paper we have reported on pmf-dependent
changes of the physical interaction between CF0 and CF1 [18]
which can be monitored by the enhanced release of CF1 from
the energized thylakoid membrane compared with the deener-
gized membrane with the chaotropic salt NaSCN. The present
work shows that this e¡ect is related to the pmf-induced acti-
vation of CF0CF1.

2. Methods

Thylakoids were isolated from spinach leaves as reported [19]. The
experiments were conducted in cylindrical glass cells placed in a vpH
clamp instrument as described [20] at constant temperature (20³C).
The samples, which were continuously stirred, were illuminated with
red light s 630 nm to yield the indicated vpH values. The prechosen
vpH was maintained by the instrumental device and continuously
monitored by the £uorescence of 9-aminoacridine which was present
at a concentration of 5 WM. The medium contained in addition 25
mM Tricine bu¡er, pH 8.0, 50 mM KCl, 5 mM MgCl2 and 10 WM
pyocyanin. The chlorophyll content during the reaction was 25 Wg/ml.
The 9-aminoacridine £uorescence signal was calibrated as reported
[21].

For detachment of CF1 concentrated NaSCN solution was added
to yield a ¢nal concentration of 0.5 M [18]. After 15 s the reaction mix
was diluted 1.6-fold with a solution of 50 mM NaCl, 1 mM MgCl2,
2 mM Tricine bu¡er, pH 7.8 and 20 mM DTT and immediately cen-
trifuged. The proteins of the clear supernatants were precipitated with
10% TCA. The pellets were redissolved in 0.1 ml 0.1 N NaOH. After
addition of 0.025 ml of a solution containing 5% SDS, 25% glycerol,
25% mercaptoethanol, 0.25% bromophenol blue and 312.5 mM Tri-
cine bu¡er pH 8.0, the samples were incubated for 1 h at 60³C.
Aliquots were subjected to SDS-PAGE and after staining the protein
bands were quantitatively analyzed colorimetrically as described [18].
For quanti¢cation standards of pure CF1 exactly determined protein
concentrations were used in each gel. The calculations are based on a
CF1 molecular weight of 396.5 kDa and a subunit stoichiometry of
K3L3Q1N1O1 [1]. The assay of activity of CF0CF1, measured by the ATP
hydrolyzing capacity, and the technique of measurement of [14C]ADP
binding have been described previously [22].
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3. Results and discussion

3.1. Formation of a destabilized CF0CF1 conformation in the
light and its relaxation in the dark

Chaotropic salts like NaBr [23] or NaSCN [18] remove CF1

from thylakoid membranes. In a previous paper we showed
that upon treatment with 0.5 M NaSCN 20^25% CF1 was
detached from thylakoids kept in the dark, but 60^80% CF1

was detached when the thylakoids were illuminated [18].
Fig. 1a shows the time course of formation of the proton

gradient in the light and its relaxation in the dark as measured
by the quenching of 9-aminoacridine £uorescence. In a paral-
lel experiment (Fig. 1b) we investigated the time course of

additional release of CF1 in the light induced by 0.5 M
NaSCN. The increment of CF1 release in the light (Fig. 1b)
follows the formation of the proton gradient with a small
delay. In the subsequent dark CF0CF1 is restabilized, but
the restabilization process is much slower than the decay of
vpH. However, when a micromolar concentration of ADP is
added at the light-dark transition, restabilization of the com-
plex occurs much faster within a few seconds.

While activation of CF0CF1 is usually related to release of a
tightly bound nucleotide, fast deactivation is related to the
tight binding of an ADP molecule to one of the catalytic sites
[1,14,25^27]. As this nucleotide becomes completely undisso-
ciable it may be concluded that the site is closed against the
medium. In the absence of medium nucleotide deactivation of
the thiol-modulated CF0CF1 in the dark is slow (Fig. 1c).
Enzyme deactivation and the relaxation of the destabilized
CF0CF1 structure show comparable time courses each in the
absence and presence of ADP. Fig. 1d shows the time course
of `tight' incorporation of the added [14C]ADP. The time
course is similar, but not identical to the time course of
CF0CF1 deactivation in the presence of ADP (Fig. 1c) and
the time course of restoration of a stable enzyme conforma-
tion in the presence of ADP (Fig. 1b), respectively. The results
suggest that deactivation and the related structural rearrange-
ment is triggered solely by the interaction of the nucleotide
molecule with the binding site (which may be fast). The `tight'
incorporation of the ADP molecule, however, may be rate-
limited by the subsequent occlusion of the site.

3.2. E¡ect of thiol modulation on the vWH+-induced formation
of a destabilized CF0CF1

Reduction of a disul¢de bridge in the Q subunit of CF0CF1

formed by the two cysteines Q-C199 and Q-C205 [1] causes a
change of the energy threshold necessary for activation [12].
The process is called `thiol modulation'. The natural reductant
is thioredoxin-f [28] reduced by photosynthetic electron trans-
port. As an in vitro thiol compound, dithiothreitol (DTT)
may be employed. After reduction, the vpH pro¢le of
CF0CF1 activation is shifted by about one unit to lower
vpH values [12]. In the following we have studied the vpH
dependence of CF0CF1 destabilization with thylakoids in the
absence and presence of DTT, respectively.

Fig. 2 shows the portion of CF1 released by 0.5 M NaSCN
due to vpH as a function of the size of vpH (points). The
vpH pro¢les of activation for the oxidized and the reduced
CF0CF1 obtained in acid-base energization experiments were
taken from Junesch and Graëber [12] and are shown by the
drawn curves. The activation pro¢les are similar to the pro-
¢les of extra CF1 release obtained in light energization experi-
ments. In particular the signi¢cant di¡erences between the
oxidized and the reduced enzyme are evident. For comparison
we have also employed acid-base energization in the experi-
ments with oxidized CF0CF1. The results ¢t to those obtained
by light energization. As we included valinomycin+K� in the
medium, we think that the electrochemical potential di¡erence
is a chemical proton potential only and that CF0CF1 activa-
tion ^ unlike oxidative phosphorylation in Escherichia coli [29]
^ is not obligatorily dependent on an electric potential di¡er-
ence.

As the F0 blocker DCCD prevents the enhancement of CF1

release [18], the generation of the destabilized CF0CF1 struc-
ture presumes the translocation of protons through CF0.
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Fig. 1. a: Proton gradient formation as monitored by 9-aminoacri-
dine £uorescence (P0 : maximal £uorescence; calculated steady-state
vpH in the light: 3.4). b: Formation of a destabilized CF0CF1 con-
formation (measured by the increment of CF1 release on treatment
of thylakoids with 0.5 M NaSCN) in the light (triangles) and relax-
ation in the following dark (dots). In a parallel series 10 WM ADP
was added at the light-dark transition (squares). c: The decays of
ATP hydrolyzing activity under the same conditions. d: The curve
shows the time course of tight binding of ADP to CF0CF1. The me-
dium contained 10 mM DTT.
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Hence the protons seem to act at the CF0-CF1 interface and
this may cause electrostatic repulsion or attenuation of the
electrostatic interaction, respectively. This could be visualized
as follows: the ground state of the enzyme may be stabilized
by ionic bonds between basic amino acids on CF0 and acidic
amino acids on CF1 or vice versa. Upon membrane energiza-
tion these ionic bonds may be cleaved due to protonation of
the acidic residues (pK values in the weakly acidic range) by
protons coming from the thylakoid lumen and thus cause the
observed attenuation of the CF0-CF1 interaction. As shown
above, this structural destabilization is related to CF0CF1

activation. Accordingly activation seems to comprise unlock-
ing of a catch between CF0 and CF1 as a prerequisite for
catalytic turnover.
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Fig. 2. Formation of a destabilized CF0CF1 conformation as measured by the increase of CF1 detachment by 0.5 M NaSCN as a function of
vpH in the absence (circles) and presence of 10 mM DTT (squares) and CF0CF1 activation. The proton gradient was generated either by light
(¢lled circles) or by acid-base transition (open circles). The values (left scale) mean the di¡erences of CF1 release from energized minus deener-
gized membranes over the maximal di¡erence (total CF1 minus CF1 release from deenergized membranes). Total CF1 was ascertained by treat-
ment with 2 M NaSCN which detaches all CF1 [18]. The activation pro¢les (drawn curves, right scale) were taken from Junesch and Graëber
[12].
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