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1. Introduction

Chioroplast coupling factor CF, contains firmly
bound adenine nucleotides which were shown to be
slowly exchanged in de-energized chioroplasts and in
the isolated enzyme [1—9]. On energization of the
thylakoids either by light-dependent electron transport
[1—3.,9] or by an acid—base transition [9], bound
adenine nucleotides are rapidly replaced by free ADP
or ATP. From *H incorporation studies [10,11],
fluorescence studies of covalently bound fluorescamine
[12], and other indirect evidence [13] it was con-
cluded that energization induces a conformational
change of CF,. Between the energy-dependent change
of CF, conformation and the alteration of adenylate
binding an intrinsic relationship may be suggested.

The functional role of bound adenine nucleotides
in the mechanism of photophosphorylation has
recently been interpreted [3,7] by analogy with the
conformational hypothesis of oxidative phosphoryla-
tion [14,15]. In this concept the actual energy-
requiring step of the phosphorylation cycle was thought
to be the transition of CF; from an inactive to an
adenylate-exchangeable form. By this reaction pre-
formed bound ATP was assumed to be released and
replaced by free ADP, The formation of tightly
bound ATP itself was believed to be energy-indepen-
dent. Assuming that the dissociation equilibria of
CF,—ADP and CF, - P; complexes were high in
comparison to CF,—~ATP complex in the inactive
state, the equilibrivm of the ATPase reaction was
predicted to be shifted towards the formation of
firmly bound ATP [3].

In the present paper light-induced exchange of
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bound adenine nucleotides was studied as a function
of several external parameters. The results indicate a
corresponding behavior of adenylate exchange and
photophosphorylation in dependency of light intensity,
PH, uncoupling, and electron transport inhibition. On
the other hand, arsenate and phlorizin which are
known to inhibit photophosphorylation, do not
affect the light-dependent exchange of bound adenine
nucleatides. Mg®" jons stimulate both, phatophospho-
rylation and adenylate exchange, however in a
different way.

2. Materials and methods

Chloroplast isolation from spinach leaves and the
preparation of [**C] ADP pre-labelled membranes
has been described elsewhere [9].

Release of hound adenine nucleotides from pre-
labelled chloroplasts was measured in small semi-
transparent centrifugation tubes with a final volume
of 0.3 ml. The standard incubation medium contained
25 mM Tricine huffer, pH 8.0, 50 mM NaCl, 1 mM
MgCl;, 0.5 mM methylviologen, 1 mM orthophosphate,
and 0.1 mM ADP. After addition of the labelled
chloroplasts (final chiorophyll concentration 0.2 to
0.3 mg/ml) and mixing, the tubes were inserted into
a centrifuge (‘Microfuge 152°, Beckman) with illumina-
tion equipment. After 30 sec pre-incubation either
light was switched on (white light, 1.8 X 10° ergs/
cm?sec inside the tubes) or the samples were kept in
the dark. After the indicated times light was extin-
guished and the chloroplasts were immediately spun
down. '%C contents of the clear supernatants were
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measured by liquid scintillation counting in ‘Unisolve
1’ scintillator cocktail (Kach-Light Lab. Ltd.).
Photophosphorylation was measured under
identical experimental conditions, except that
orthophosphate was labelled by 32P. For these
experiments unlabelled thrice-washed chloroplasts
were used. The samples were illuminated for 15 sec.
The reaction was stopped by addition of 20 il 70%
HCIQ,. Incorporation of 3P, into the organic phos-

phate fraction was determined as described elsewhere
f16].

3. Results

In a previous paper [9] we reported that washed
broken chloroplasts incorporated *C-labelled ADP in
a light-dependent reaction. A certain amount of label
could not be remaved by subsequent washes. This
share was specifically bound by coupling factor CF,.
Pre-labelled membranes are a suitable material for the
study of the exchange of CF; -bound adenine
nucleotides.
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Fig.1. Kinetics of dark and light release of CF, -bound [**C]
adenine nucleotides by chloroplasts in the presence of 0.1 mM
ADP and 1 mM P;. Pre-labelling of the chloroplasts was
performed with 22.5 uM {8-**C)JADP [9]. Release incubation
was carried out as described in Materials and methods.
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Fig.2. Photophosphorylation and adenine nucleotide exchange as affected by light intensity (A) and pH (B). Adenine nucleotide
exchange activity was determined by the initial rate of ['*C]adenylate release by pre-labelled chloroplasts in the presence of 1 mM
P;and 0.1 mM ADP. The initial rate was computed from '*C appearance in the medium after 2 sec illumination. Corresponding
dark backgrounds were subtracted.- For photophosphorylation measurements see Materials and methods. In (B) the following
buffers were used: pH 6.0—6.5 MES, pH 6.5~7.5 HEPES, pH 7.5-8.5 Tricine. The rates of overlapping pH values were averaged.
Control rates (A), photophosphorylation: (e): (0.246 xmol ”Pi'incorporated/mg chlorophyll X 15 sec; adenine nucleotide
exchange (a): 0.213 nmol ['*C] AdN released/mg chlorophyll X 2 sec. (B) photophosphorylation (e): 0.234 pmol/mg chl X 15 sec;

adenine nucleotide exchange (a): 0.142 nmol/mg chl X 2 sec.
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In these experiments labelled membranes were
incubated in a medium which contained unlabelled
ADP and phosphate as well as an electron acceptor
of a non-cyclic system (methylviologen). Adenylate
exchange was followed by the release of bound '*C-
adenine nucleotides into the medium. In fig.1 the
kinetics of 19C release in the dark and light are shown.
In the dark for 30 sec no exchange was ohserved. In
the light a rapid release of bound labelled adenine
nucleotides occurred. The half time was about 1 sec
and the reaction was nearly complete after 10 sec.
The initial rate of light-induced release of *C can be
taken as a measure of adenine nucleotide exchange
activity.

In the following experiments exchange activily
was compared with steady state photophosphoryl-
ation under the same conditions. Fig.2 shows that the
two processes exhibit an identical dependency on
light intensity and pH of the medium. In fig.3 the

Fig.3. rhotophosphorylation and adenine nucleotide exchange
2s a function of methylamine (A) and DCMU (B) concentra-
tion. The experimental conditions wer2 the same as in fig.2.
Control rates (A), photophosphorylation (#): 0.268 umel/mg
chl X 15 sec; adenine nucleotide exchange (4): 0.170 nmol/
mg chl X 2 sec. (B), photophosphorylation (#): 0.356 umol/
mg chl X 15 sec; adenine nucleotide exchange (4): 0.227
nmol/mg chl X 2 sec.
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Fig.4. Photophosphorylation and adenine nucleotide exchange as a function of arsenate (A) and phlorizin (B) concentration.
Experimental conditions as in fig.2. Control rates {A), photophoesphorylation (e); 0.299 amot/mg chl X 15 sec; adenine nucleo-
tide exchange (4): 0.228 nmol/mg chl X 2 sec. (B), photophospharylation (¢): 0.363 pmolfmg chl X 15 sec; adenine nucleotide

exchange (4): 0.255 nmol/mg chl X 2 sec.
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Fig.5. Photophosphorylation and adenine nucleotide
exchange as a function of Mg** concentration. Experimental
conditions as in fig.2. Control rates, photophosphorylation
{®): 0.255 umol/mg chl X 15 sec; adenine nucleotide
exchange (4): 0.196 nmol/mg chl X 2 sec.

rates of the two reactions are drawn as a function of
methylamine and DCMU concentrations. The results
demonstrate that uncoupling and electron transport
inhibition likewise affect both processes in the same
way. With the uncoupler FCCP (not shown) corre-
sponding concentration curves were obtained, too.

Unlike methylamine and FCCP the uncoupler
arsenate does not affect adenine nucleotide exchange,
although it inhibits phatophasphorylation (fig.4A).
In a similar manner the energy transfer inhibitor
phlorizin inhibits photophosphorylation but does not
injure adenylate exchange (fig.4B).

Mg*" is well known to be an essential cofactor in
photophosphorylation {17]. In fig.5 photophos-
phorylation and adenine nucleotide exchange are
shown as a function of Mg?* concentration. Mg>"
shortage decreases both, photophosphorylation and
adenine nucleotide exchange; however the effect on
photophosphorylation is much more pronounced.

4. Discussion

Following the conformational hypothesis as
developed by Harris and Slater [3], the photophos-
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phorylation cycle may be subdivided into two partial
processes, the formation of CF,;-bound ATP and the
exchange of bound ATP for free ADP. In the experi-
ments reported in the present paper, adenine nucleo-
tide exchange was directly studied by measurement
of the release of bound ['*C]adenine nucleotides in
the presence of unlabelled ADP. This reaction was
shown to be strictly energy-dependent. Release of
bound ATP is believed to be caused by an energy-
dependent conformational change of CF, [3]. If this
is true, adenylate exchange activity is a measure for
the conformational change.

Photophosphorylation is controlled by several
external factors. With regard to CF, related reactions
these factors. With regard to CF, related reactions
these factors either affect adenine nucleotide exchange
or the synthesis of ATP on the enzyme. In our experi-
ments a discrimination between the two sites is
possible. Adenylate exchange is controlled by the pH
value of the medium and by light intensity; moreover
electron transport inhibition and uncoupling by
methylamine and FCCP impair adenylate exchange and
photophosphorylation in a corresponding way. The
results indicate that a high energy state established by
photosynthetic electron transport, is required for
adenine nucleotide exchange on CF,. The close
relationship between this reaction and overall
photophosphorylation indicates the essential role of
adenine nucleotide exchange in the mechanism of
energy transformation. In a previous paper (9] we
demonstrated that an artificial pH gradient across the
thylakoid membrane likewise is able to induce
adenylate exchange in the absence of an electron
transport. Thus, a ApH seems to link the primary
and the final energetic events, as proposed by the
chemiosmotic theory [18]. This is in accordance
with earlier reports by Ryrie and Jagendorf [11] who
demonstrated that *H incorporation (as a measure of
conformational change of CF,) can be brought about
by an acid—base transition, too.

Arsenate and phlorizin likewise inhibit photophos-
phorylation but do not impair adenylate exchange. As
an obvicus explanation we may conclude that these
substances interfere with reactions in ciose relation-
ship to the formation of bound ATP on CF,. This is
quite comprehensible in the case of arsenate which
can be regarded as a kind of competitive inhibitor in
the formation of pyrophosphate bonds. However,
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with phlorizin deviating and unexpected results were
obtained by Pflugshaupt and Bachofen [7]. They
reported that *?P; incorporation into membrane-
bound ATP was not affected by this energy transfer
inhibitor in sonicated chloroplasts. As yet this
discrepancy can not be explained.

Mg?" seems to exhibit a function in adenylate
exchange as well as in ATP formation. However,
photophospharylation is more severely inhibited by
Mg?” deficiency than nucleotide exchange. Even in
the presence of 1 mM EDTA (with excess Na” ions for
preservation of CF, -membrane binding) more than
50% of the exchange activity was retained, whereas
under the same conditions photophosphorylation was
completely suppressed. Mg®* requirement for light-
dependent incorporation of *P; into membrane
bound ATP has been reported by Harris and Slater
{31

Qur results definitely demonstrate the energy
dependency of adenine nucleotide exchange on CF,
in accordance with the conformational hypothesis.
However, energy independency of the formation of
bound ATP has not yet been established. In this
respect quite contrary experimental results were
obtained by two different groups [3,7].
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