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Light-induced exchange of tightly bound ADP on the membrane-associated chloroplast coupling factor 1
(CF,) was concluded to be a two-step mechanism involving a loose enzyme-ADP complex (Strotmann, H.,
Bickel-Sandkétter, S. and Shoshan, V. (1979) FEBS Lett. 101, 316-320). Rapid binding of [1*C]ADP to the
coupling factor after deenergization of thylakoids which were illuminated in the presence of [!4CJADP was
suggested to reflect the conversion of loosely bound to tightly bound ADP. Experimental data of the present
paper support the assumption of an intermediate enzyme form with loosely bound ADP: (a) the amplitude of
the rapid binding phase is independent on the concentration of uncoupler added in the light; (b) the amplitude
is virtually unaffected by dilution of the medium [*CJADP concentration; (c) high concentrations of
unlabeled ADP are required to reduce the rapid binding phase while binding of medium ['*CJADP is
inhibited by unlabeled ADP in the micromolar range. These results exclude the possibility that the rapid
initial formation of tightly bound ['* CJADP on deenergization might be caused by an energized nucleotide-free
enzyme form which is able to pick up ["*CJADP from the medium at a higher rate than the deenergized
nucleotide-free form. At saturating ['*C]JADP concentrations in the light, the amount of the loose enzyme-
ADP complex is about 35%, while 65% of the coupling factors contain a tightly bound ADP. Dissociation of
the loose complex is slow in the absence of medium nucleotides but accelerated if ADP is present, suggesting
that ADP binding to another site of the enzyme promotes release of the former ADP molecule. The
significance of the loosely bound nucleotide in the catalytic mechanism is discussed.

Introduction tion [4,5], and medium ADP rather than tightly

bound ADP is phosphorylated at the onset of

Membrane-associated chloroplast coupling fac-
tor (CF,) contains at least two different classes of
nucleotide binding sites: the so-called tight site
binds one molecule of ADP which can be released
or exchanged with medium ADP only on energiza-
tion of the thylakoid membranes [1-4]. Since the
exchange is slow compared to photophosphoryla-

Abbreviations: CF;, chloroplast coupling factor 1; Chl, chloro-
phyll; FCCP, carbonyl cyanide p-trifluoromethoxyphenyl-
hydrazone; Tricine, N-[2-hydroxy-1,1-bisthydroxyme-
thyl)ethyl]glycine.
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illumination [6], this type of binding site is proba-
bly a noncatalytic site. It was suggested that bind-
ing and release of nucleotides at this particular site
may control the catalytic activity of chloroplast
ATPase [7-12].

Furthermore, one or more catalytic sites exist
where ADP is phosphorylated and ATP is hydro-
lyzed, respectively. Boyer and coworkers proposed
that tight binding of nucleotides on the active site
is an intermediate step in the catalytic process
[13,14]. However, Aflalo and Shavit [15] found
that phosphorylation is possible without the par-



ticipation of tightly bound nucleotides as inter-
mediates.

On the basis of equilibrium-binding experi-
ments, Bickel-Sandkotter and Strotmann [12,16]
concluded that at the same time either a tight site
or a catalytic site is occupied by a nucleotide
molecule. Their model also includes the possibility
that the tight binding site may not be physically
separate but may be a different form of the active
site. Regulation of enzyme activity by tight ADP
binding was directly demonstrated in the case of
light-triggered ATP hydrolysis: light-induced re-
lease of tightly bound nucleotides is kinetically
related to the evolution of ATPase activity [7]. On
the other hand, ADP binding to the nucleotide-free,
activated enzyme leads to inactivation of the en-
zyme [7-9]. However, ATP or some ADP ana-
logues [11,17] which also bind at the tight site do
not deactivate the ATPase.

Binding of radioactively labeled nucleotides to
the empty ‘tight’ site by chloroplasts kept in the
dark is an irreversible process, and the rate of
binding is slow. In the light, a rapid equilibrium
between tight binding and release of bound
nucleotides exist. Strotmann and coworkers [5]
introduced a quenching technique to follow the
levels of tightly bound labeled ADP in the light:
by the addition of an uncoupler together with
excess unlabeled ADP, energy-dependent release
of bound ADP is interrupted and further binding
of labeled medium ADP is prevented (isotope
dilution). Using this technique, levels of tightly
bound nucleotides at light-to-dark transitions were
studied. The increase of ADP binding upon turn-
ing off the light was found to proceed in a bi-
phasic manner. From these results a sequence of
two reversible reactions, a fast (step I) and a slow
one (step II) was concluded (Scheme I). In step I
the forward reaction is driven by energy from the
transmembrane protonmotive force. Probably the
nucleotide-free form E is the enzyme species, which
is active in light-triggered ATP hydrolysis [5,7]:

Scheme 1

energy
E= ADP =—— E...ADP —=—=E+ADP

CF, with CF, with nucleotide-
( tightly ) ( loosely ) ( free CF,; )
bound ADP bound ADP
STEP 1

STEP 11
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Additional experimental data suggest that the
nucleotide-free form may exist in two different
conformations, an energized form (E*) and a de-
energized form (E7).

(1) Tight nucleotide binding by the nucleotide-
depleted enzyme is greatly enhanced by illumina-
tion of the chloroplasts (Ref. 7 and Strotmann, H.,
personal communication).

(2) Trypsin is less active in the proteolysis of
membrane-associated ATPase in the dark after
illumination than in the light [18].

(3) The active site of ATPase in energized chlo-
roplasts exhibits a much higher affinity for ADP
than for ATP [20], while in deenergized chloro-
plasts a higher affinity for ATP is observed [20,21].
From these results the enzyme conformation in-
volved in ATP synthesis was concluded to be
different from that which catalyzes ATP hydroly-
sis [7]. :

Based on intermediate P;: H,O oxygen ex-
change studies, Sherman and Wimmer [19] arrived
at the same conclusion.

If the assumption of two different forms is
correct, the above-cited model (Scheme I) is insuf-
ficient to explain the whole interplay between en-
zyme activation, ATP synthesis and ATP hydroly-
sis. Therefore, in the present study the problem
was reinvestigated. Particular attention was di-
rected to the existence and functional meaning of
the proposed intermediate form carrying a loosely
bound nucleotide.

Materials and Methods

Broken chloroplasts were isolated from spinach
leaves as described [22]. Chlorophyll concentra-
tions were determined according to Arnon [23].
Incubation of the chloroplasts was carried out in
small glass vessels under stirring with a magnetic
stirrer. The assay medium contained Tricine buffer
(25 mmol /1, pH 8), NaCl (50 mmol /1), MgCl, (1
mmol /1), phenazine methosulfate (50 pmol /1) and
thylakoids (chlorophyll concentration, 0.15-0.17
mg/ml). The samples were illuminated from the
top (200 W /m?, white light). For measurements of
[1*C]JADP binding to the nucleotide-depleted
membranes, samples were preilluminated in the
absence of nucleotides for 30 s and [8-'C]JADP
(2.1 GBq/mmol; Amersham-Buchler) was added
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together with an FCCP solution in the light. FCCP
was added as an ethanolic solution; the final con-
centration of ethanol was 5%. Binding of labeled
ADP was terminated by the addition of excess
unlabeled ADP (isotope dilution); final concentra-
tion of ADP was 5 mmol /L

Steady-state levels of bound labeled ADP in the
light were measured by illumination of thylakoids
in the presence of [1*CJADP. After 30 s, the FCCP
solution was added without or together with un-
labeled ADP. The amount of tightly bound
['*CJADP was determined after washing of the
chloroplasts as described in Ref. 22; radioactivity
was measured in liquid scintillation cocktail (Un-
isolve 1, Koch-Light Lab.). The chlorophyll con-
centration of each sample was measured according
to Ref. 23.

Results

When thylakoids are illuminated in a nucleotide-
free medium, tightly bound nucleotides are re-
leased from the coupling factor [1-4]. For rebind-
ing of ADP, membrane energization is not a neces-
sary prerequisite, but it was shown that the rate of
rebinding is accelerated by energization [7]: if
[4CJADP is added after the proton gradient has
decayed, rebinding is slow and monophasic (k4
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Fig. 1. Kinetics of ['*CJADP binding by preilluminated
thylakoids upon deenergization with FCCP. Thylakoids (0.155
mg Chl/ml) were illuminated for 30 s in the absence of
[**CJADP. FCCP (5 pmol/1) and ['*CJADP (5 pmol/1) were
added together in the light. Incorporation of labeled [!*CJADP
was terminated at the indicated times by the addition of
unlabeled ADP (5 mmol/1).

= 0.01-0.02 s-1-umol™!) [7]. However, if
[**C]ADP is added immediately after preillumina-
tion, the binding kinetics are biphasic. The ampli-
tude of the initial rapid phase is increased by an
internal buffer and decreased by an uncoupler
(FCCP) [7]. Since FCCP was unable to abolish the
rapid phase completely, it was suggested that a
high-energy conformation of the enzyme (E*) is
responsible for this fast phase of binding. The E*
form may be transferred to a low-energy con-
formation E~ within a few seconds after deenergi-
zation of the membranes. E~ might then be re-
sponsible for the slow binding of ADP. However,
the concentration of FCCP employed in this ex-
periment (5 pmol /1) was presumably not sufficient
for immediate uncoupling,.

In the following, the effect of FCCP concentra-
tion was therefore studied more in detail in a
slightly modified type of experiments. Chloro-
plasts were preilluminated in the absence of
medium nucleotides and after 30s [“CJADP to-
gether with FCCP was added while illumination
was continued. [**CJADP binding was terminated
by the addition of excess unlabeled ADP. Fig. 1
shows that the binding kinetics are biphasic when
5 umol ["“CJADP/I and 5 pmol FCCP/]1 were
added. After a rapid incorporation of labeled ADP
during the first second, an exponential binding
curve is obtained.
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Fig. 2. Amplitude of the FCCP-induced initial rapid phase of
[*CJADP binding in the light as a function of FCCP con-
centration. Thylakoids (0.15 mg/ml) were illuminated for 30 s
in the absence of [*CJADP. [*#CJADP (5 pmol/1) was added
together with varying concentrations of FCCP. Unlabeled ADP
was added 1 s later.



The amount of [!*CJADP bound in the initial
rapid phase is decreased by increasing the FCCP
concentration (Fig. 2). A constant value is attained
at about 30 pmol FCCP/L. Under those condi-
tions the binding curve is still biphasic (not shown);
the amount of ADP bound in the rapid phase
(extrapolated to infinite FCCP concentration) is
about 0.05-0.07 nmol per mg Chl. Since high
concentrations of FCCP may have some side ef-
fects, the experiments were repeated with other
uncouplers (ammonium chloride and methyl-
amine) with similar results (data not shown).

In Fig. 3 the amount of [*C]JADP after 1 s is
plotted as a function of ['*C]JADP concentration.
In this experiment two concentrations of FCCP (5
and 25 pmol/], respectively) were employed. Even
at higher [1*CJADP concentrations, the binding
kinetics are similar to the curve shown in Fig. 1;
the initial rapid phase is completed within 1 s,
while the slow phase is clearly exponential (not
shown). At higher concentrations of FCCP, the
amount of rapidly bound ['*CJADP is reduced.
The reduction can be equalized by increasing the
concentration of [**CJADP.

The results clearly show that in the energized
state of the membrane a form of the enzyme (E*)
exists which is able to bind and to release ADP
rapidly. Upon deenergization, the nucleotide-free
form E* may either rapidly incorporate ADP (at
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Fig. 3. Amplitude of the initial rapid phase of {*CJADP
binding in the light as a function of {**CJADP concentration.
Conditions as in Fig. 2, except that ['*CJADP concentration
was varied and FCCP concentration was kept at 5 pmol/1 (O)
or 25 pmol/1 (®).
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high ADP concentration) or convert to a slowly
binding form E~.

If ["*CJADP is already present in the medium
during illumination, a biphasic increase of bound
labeled ADP is observed on light-to-dark transi-
tions [5]. A similar biphasic increase in binding is
obtained when an uncoupler is added in the light
instead of turning off the light (Fig. 4). In variance
to the originally given interpretation [5], this effect
might also be explained by assuming two forms of
the nucleotide-free ATPase which bind ADP at
different rates. If this explanation were correct,
increasing amounts of uncoupler added in the light
should accelerate the decay of E* to E~ and thus
reduce the amplitude of the rapid phase. In the
experiment shown in Fig. 5, varying concentra-
tions of FCCP (5-100 pmol/l) were added to
chloroplasts illuminated in the presence of
[**CJADP. Excess unlabeled ADP was added to-
gether with the FCCP in order to obtain the
steady-state level of bound [**CJADP in the light.
In a parallel series the unlabeled ADP was added
2 s after the addition of FCCP. The difference
between these two levels yields the amplitude of
the rapid phase.

The data show that the rapid binding phase is
not affected by increasing the concentration of the
uncoupler. Its amplitude is, therefore, independent
of the velocity of deenergization of the membrane.
Both the amount of tightly bound ADP (E = ADP)
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Fig. 4. Kinetics of [!*CJADP binding on uncoupling in the
light. Thylakoids (0.17 mg/ml) were illuminated in the pres-
ence of [**CJADP (2.5 pmol/1). After 30 s, FCCP (10 pmol/1)
was added in the light. Unlabeled ADP (5 mmol /1) was added
at the indicated times.
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Fig. 5. Effect of FCCP concentration on the rapid and slow
phases of [MCJADP binding. Conditions as in Fig. 4; O,
addition of FCCP together with ADP (light level); @, addition
of ADP 2 s after FCCP (light level + rapid phase); a, addition
of ADP 30 min after FCCP (light level +rapid phase + slow
phase).

in the light and the amplitude of the fast phase of
ADP binding after turning off the light depend on
the concentration of ['*CJADP in the medium [5].
In an experiment using FCCP for deenergization
(Fig. 6) light levels of tightly bound ['*C]JADP and
the amplitudes of the fast phase as functions of
medium ["*C]ADP concentrations were measured.

The data can be treated as normal adsorption
isotherms. The calculated K; value for ADP in
both reactions is about 3 pmol/1 (Fig. 6B). That
means the ratio between them does not depend on
the concentration of medium ADP. At infinite
ADP concentration, the sum of both is 1.1 nmol
per mg Chl; the same value was found for the
entirety of tight binding sites (determined by in-
cubation with ['*CJADP of preilluminated chloro-
plasts for 15 min in the dark without quenching).
The light level of tightly bound ADP at ADP
saturation is about 0.71 nmol/mg Chl.

If rapid binding of [!*CJADP after deenergiza-
tion were due to uptake of medium [**CJADP by a
rapidly binding energized form E*, a sudden dilu-
tion of the ['*CJADP of the medium, e.g., from 5
to 1.25 pmol /1 together with deenergization of the
membranes should yield a lower amplitude of the
rapid phase (see Fig. 6A). Such an experiment is
shown in Table I. Dilution was attained by addi-
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Fig. 6. (A) Level of bound ['*CJADP in the light and 2 s after
uncoupling as a function of ['*CJADP concentration, Chloro-
plasts (0.12 mg /ml) were illuminated in the presence of varying
concentrations of [*CJADP. Either FCCP + unlabeled ADP
(O) (light level) or FCCP alone (®) was added in the light. In
the latter case, unlabeled ADP was added 2 s later (light
level + rapid phase). FCCP concentration, 50 pmol/l; a, dif-
ference between (O) and (@) ( = rapid phase). (B) Double-re-
ciprocal plot of A.

tion of different volumes of FCCP and the ampli-
tude of the rapid phase was determined as in Fig,
6. The results clearly show that the effect of dilu-
tion is marginal.

In the next experiment, different amounts of
unlabeled ADP were added together with FCCP in
order to dilute the specific radioactivity of
[*CJADP in the medium. If labeled ADP mole-
cules were taken up from the medium after the
addition of the uncoupler, increasing amounts of



TABLE I

EFFECT OF DILUTION ON THE AMPLITUDE OF
FCCP-INDUCED RAPID BINDING OF [*C]ADP

In a volume of 200 pl, thylakoids equivalent to 25 pg Chl were
illuminated in the presence of 5 pmol ['*CJADP/1. FCCP
solutions (50-600 ul) were added after 30 s in the light; final
FCCP concentration was 50 pmol/l. Unlabeled ADP was
added 2 s later in order to prevent further {!*CJADP binding.
Total binding of ['*CJADP was determined in the same way
but without addition of unlabeled ADP after a reaction time of
15 min; the value was 1.1 nmol/mg Chl. The amount of tightly
bound ['“CJADP in the light was 0.15 nmol/mg Chl as de-
termined by simultaneous addition of FCCP and unlabeled
ADP in the light. Theoretical values assuming free equilibrium
were calculated as described in the Discussion section.

Concn. of medium Dilution [1*C)ADP bound Theoretical
['*CJADP after  factor (nmol/mg Chl) value

dilution (nmol/mg Chl)
(nmol/1)

5 1 (0.68) * 0.68

4 1.25 0.68 0.63

33 1.5 0.66 0.58

2.5 2 0.66 0.52

1.67 3 0.65 0.43

1.25 4 0.63 0.38

# Extrapolated value.

unlabeled ADP should lead to a progressive ap-
parent inhibition of binding of [*CJADP. For
example, a 1:1 dilution of the specific activity of
medium [*CJADP (by the addition of the same
concentration of unlabeled ADP) should reduce
the uptake of 1*C-labeled ADP molecules from the
medium by 50%.

With low concentrations of unlabeled ADP (up
to 5 pmol/1 vs. 2.5 pmol [1*CJADP/1), a decrease
of bound [!*CJADP by about 2/3 can be detected
(Fig. 7B) the half maximum concentration being
about 2 pmol ADP/1l. However, high concentra-
tions of unlabeled ADP were required to decrease
[*4CJADP binding further (half saturation at about
1 mmol/1). Above 4 mmol ADP/Il, no further
reduction of the level of bound [**CJADP is ob-
tained. This amount indicates the steady-state level
of tightly bound ['*CJADP in the light [5].

Hence, the different binding phases (Fig. 4)
exhibit different sensitivities against isotope dilu-
tion. The phase of ADP binding which is highly
sensitive to isotope dilution (half maximal effect at
2 pmol/1) corresponds to the slow phase of Fig. 4;
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Fig. 7. Levels of tightly bound ['*CJADP after quenching with
FCCP and different concentrations (A,B) of unlabeled ADP.
Thylakoids (0.16 mg/ml) were illuminated in the presence of
2.5 pmol [**CJADP/1. O, FCCP (50 pmol/1) was added after
30 s together with varying concentrations of unlabeled ADP; @,
addition of unlabeled ADP (5 mmol /1) 2 s after the addition of
FCCP.

during this phase ADP was clearly taken up from
the medium.

The phase which is less sensitive to isotope
dilution of medium ADP corresponds to the rapid
binding phase of Fig. 4. Therefore, the source of
ADP bound during this phase is not medium
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ADP. In order to measure the effect of unlabeled
ADP of the rapid phase, slow binding of ['*C]JADP
was prevented by a second addition of excess
unlabeled ADP 2 s after the addition of FCCP/
ADP (Fig. 7). Thus the amount of tightly bound
["*CJADP in these samples represents the ampli-
tude of the initial rapid binding phase (cf. Fig. 4).
Small concentrations of unlabeled ADP in the
FCCP quench have no effect on the rapid binding
phase, whilé at higher concentrations of ADP the
same curve is obtained as for total binding of
[**C]ADP. This result indicates that the slow bind-
ing phase rather than the rapid one is inhibited by
low concentrations of unlabeled ADP.

Discussion

The experimental data show that illumination
of thylakoids in the presence of ['*CJADP creates
a CF-ADP intermediate which after deenergiza-
tion converts rapidly to a non-dissociable complex.
In this case labeled ADP from the medium cannot
be the source for the rapid increase of bound
labeled ADP because this reaction is not affected
by reducing the effective medium [**CJADP con-
centration either by dilution of the total con-
centration or by isotope dilution. The difference in
the levels of tightly bound ADP in the light and
one second after deenergization, therefore, repre-
sents the amount of an enzyme form with loosely
bound ADP (E - - - ADP), as suggested previously
[5]

From the amplitudes it may be estimated that
at high medium ADP concentrations in the light,
about 35% of the total enzyme molecules contain a
loosely bound ADP, and 65% a tightly bound
ADP while almost none of the enzyme molecules
are free from ADP (Fig. 6). Since tight ADP
binding was found to inactivate the membrane-
bound ATPase [7,10] the enzymes containing
loosely bound ADP are probably catalytically ac-
tive in ATP formation [12,16]. This is in agreement
with the interpretation of Graber et al. [4] that
only a certain percentage (10-20%) of the ATPase
molecules are active at the same time.,

Bickel-Sandkotter and Strotmann [12] found
that at the same time, only one ADP is either
tightly bound (representing an inactive enzyme
molecule) or loosely bound (representing a cata-

lytic intermediate in ATP formation). The differ-
ent modes of binding do not necessarily imply that
the sites have to be physically different [12,16].
The experiments in this paper (Fig. 7 and Table I)
suggest that the site occupied with loosely bound
ADP is converted to the site containing a tightly
bound ADP.

At low ADP concentration an increasing per-
centage of nucleotide-free enzyme molecules may
exist in illuminated chloroplasts. In an ADP-free
medium probably all of the ATPases are present in
this form (E*) which is ready to bind ADP at a
high rate, but is converted to a slowly binding
conformation (E™) when the chloroplasts are de-
energized. The ratio of rapid-to-slow binding at
the transition from energized to deenergized con-
ditions depends on the velocity of the transition
(caused by different concentrations of uncoupler)
on one hand and the concentration of ADP on the
other hand. Thus at high ADP and low FCCP
concentration, tight binding of ADP precedes the
formation of the deenergized enzyme form (E™),
while during the addition of a low concentration
of ADP together with a high concentration of
FCCP, the formation of E~ is faster than the rapid
formation of E = ADP (Fig. 6). During the
quenching in the light with FCCP and excess
unlabeled ADP, all of the nucleotide-free sites are
rapidly occupied by ADP. Furthermore, the loosely
bound labeled ADP is chased by unlabeled quench
ADP (Fig. 7). At the first sight exchange of loosely
bound [“CJADP for medium ADP could be a
simple replacement reaction, which includes a dis-
sociation and a reassociation reaction at the same
site. Provided that dissociation of [!*C]JADP from
the loose binding site were a prerequisite for the
binding of unlabeled ADP to the same site, de-
crease of the medium ['*C]ADP concentration by
dilution should decrease the amount of the loose
enzyme-ADP complex, while the amount of tightly
bound [*CJADP remains unaffected (the light
level of tightly bound nucleotides is 0.15 nmol / mg
Chl; see Table I).

Based on these assumptions, the amount of
loose enzyme-ADP complex (cg..opp) can be
calculated by

c _ __ CaDpp tot
E---ADP — E
capp T Ky



where c¢,pp is the total concentration of labeled
ADP after dilution (neglecting the small decrease
by loose and tight binding) and c¥" is the sum of
the concentrations of free enzyme and loose com-
plex. The dissociation constant K; can be com-

puted from the data shown in Table I:

—E 4 pmol/l
CE...ADP

Ks=capp

The amount of tightly bound [!*C]JADP after dilu-
tion and quenching after 2 s is therefore:

Cg—app = CE...app + 0.15 nmol /mg Chl

The theoretical values calculated by this equation
are included in Table 1. They clearly predict a
decrease of the concentration of bound ADP by
dilution. The experimental data do not confirm
this expectation. Therefore, it is assumed that the
loose complex dissociates slowly in the absence of
unlabeled ADP.

Since unlabeled ADP is able to abolish the
rapid phase of binding if added together with
uncoupler (Fig. 7), it is assumed that dissociation
of the loose complex is accelerated if unlabeled
ADP interacts with the coupling factor containing
a loosely bound ['*CJADP. ADP binding by a
second site seems to promote the release of loosely
bound ADP from the former site. Therefore, the
model of nucleotide-CF, interactions (see Scheme
I) was extended as shown in Scheme II.

The nucleotide-free enzyme can exist in two
different conformations (E* and E~; upper part of
the scheme). Tight ADP binding by E* is faster
than by E™. The conversion of E~ to E* [7] as well
as the conversion of E = ADP (containing tightly
bound ADP) to E - ADP (containing loosely
bound ADP) [5] are energy-dependent steps.

The form E* has two identical binding sites for
ADP but only one of them is converted to a tight
binding site. E= ADP and ADP =E (as well as
E --- ADP and ADP - - - E) shall design the two
equivalent enzyme forms resulting from ADP
binding by E*. Starting from E = ADP (the pre-
dominant form of ATPase existing under deen-
ergized conditions) energization would lead to
equilibration between all of the indicated enzyme
forms. The equilibrium concentration of the single
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E#

=

ADP-E <5 ADP-E ~ E-ADP = E-ADP

[ADP-E--ADF)

Scheme II

forms would depend on the protonmotive force
and the concentration of ADP in the medium
[10,12]. At high protonmotive force (the conditions
employed in the here reported experiments) in the
absence of medium ADP, the equilibrium would
be shifted towards E*. Upon deenergization, this
form is converted to E~ which binds ADP in a
relatively slow process. If ADP is supplied in the
light together with deenergization, part of E* can
rapidly react with the nucleotide to form tightly
bound ADP (E = ADP), while another portion of
E* is converted to E~ which slowly binds ADP. If
ADP is present in the light, the equilibrium is
shifted to E --- ADP. At high ADP concentra-
tions, the ratio between these forms depends on
the light intensity [12]. E - - - ADP forms E = ADP
as soon as energization is interrupted. E - - - ADP
may be regarded as a highly reactive enzyme form
on which the nucleotide undergoes rapid exchange
with medium ADP. Several experimental results
suggest that this exchange is related to the cata-
lytic turnover of substrates in photophosphoryla-
tion [16].

The results reported here indicate that the ex-
change involves a flip-flop cooperation of two
identical sites. Release of the loosely bound
nucleotide is promoted by binding of a nucleotide
at the second site.

The same conclusion was drawn from results of
kinetic analysis of the release of tightly bound
adenine nucleotides. The dissociation of bound
nucleotides was found to be accelerated by medium
ADP at the onset of illumination, and this effect is
enhanced by phosphate [24]. The interactions of
ADP with the coupling factor described in this
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paper are influenced by phosphate, too. For exam-
ple, a larger amount of loosely bound [**CJADP is
released during the quench if phosphate (together
with low concentrations of unlabeled ADP) is
added to the quench solution (unpublished data).
On the other hand, the amount of ['*CJADP which
is rapidly bound after deenergization in the pres-
ence of ["CJADP is increased by phosphate
[25,26]. These facts indicate that the affinity of the
coupling factor for ADP is higher if phosphate
and magnesium ions are present in the medium.
During the addition of ADP and phosphate to-
gether with FCCP, ATP is formed on the enzyme
(Ref. 25 and unpublished data).

In some respect, the flip-flop cooperativity re-
ported here shows similarities to a proposed mech-
anism for photophosphorylation, the so-called ‘en-
ergy-linked binding change mechanism’ [13,14].
According to this hypothesis, newly formed tightly
bound ATP is present on one site of the enzyme,
while ADP and phosphate from the medium is
bound to another site. In an energy-dependent
step, the conformation of the enzyme is changed
so that ADP and phosphate become tightly bound
while ATP can dissociate from the former site. It
was found that the retention of ATP on its site
depends on the concentration of ADP and phos-
phate in the medium: by decreasing the ADP or P,
concentration, release of ATP was retarded as was
demonstrated by the increase of 180 incorporation
from ['®*OJH,O into ATP [27]. Accordingly, the
release of ATP is accelerated by high medium
concentrations of ADP and phosphate.
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