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CaCl, significantly increased the photosynthetic oxygen-evolution activity of photosystem 11 membrane

preparations isolated from spinach and the mangrove Avicennia marina, but not that of spinach thylakoids.

This increase is composed of two parts; one due to CI, the other to Ca?*. Under Cl -sufficient conditions

photosystem II particle preparations required only 2 mM Ca?* for maximum oxygen evolution, irrespective

of the presence of the 23- and 18-kDa polypeptides. It is suggested that there is no immediate interaction

between Ca?* and the 23- or 18-kDa polypeptides and that instead Ca?* acts directly on the oxygen-evolving
centre, perhaps via another, as yet unidentified protein.

Calciwn Photosynthetic oxygen evolution

1. INTRODUCTION

Three polypeptides of 33, 23 and 16~18 kDa
located at the inner thylakoid surface have been
shown to be components of the photosynthetic
oxygen-evolving system [1~3]. Many recent studies
have concentrated on depleting PS II preparations
of these proteins and found a corresponding loss
of Qs-evolving activity, which was reversible by
reconstituting activity after readdition of these
proteins [3—8]. Recently, it has also been shown
that CI” can reactivate preparations depleted of
23- and 18-kDa proteins [9,10] and additionally,
that the 23-kDa protein modulates the Cl™ require-
ment. The same has been claimed for Ca®*
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[10-12}, which was also able to reconstitute activi-
ty in membranes depleted of the 33-kDa protein
[13].

We present evidence here that the Ca®* require-
ment for oxygen evolution is altered neither by the
absence of the 23- and 18-kDa polypeptides in
either spinach or mangrove membranes, nor by
reconstitution of these polypeptides, and that only
the magnitude of the Ca’* response is changed. We
also show that the response mediated by CaCl; is
partly due to CI™ and that only 2 mM Ca®* is re-
quired for optimal activity in both membrane
systems.

2. MATERIALS AND METHODS

Spinach (Spinacia oleracea) was grown in ver-
miculite and watered daily with nutrient solution.
Mangrove leaves (Avicennia marina) were col-
lected from a mangrove swamp on Cullendulia
Creck, Batemans Bay, Australia.

Spinach thylakoids and PS II particles were
prepared as in [14] and [15], respectively. The se-
cond detergent wash was replaced by a wash in
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300 mM sorbitol, 10 mM NaCl, 5 mM MgCl, and
40 mM Mes-AMPD, pH 6.5, and particles were
resuspended in the same buffer. Mangrove
thylakoids were prepared as described in [16] ex-
cept that the wash buffer comprised 50 mM
Hepes-AMPD, pH 7.3, and the final resuspension
buffer was 300 mM sorbitol, 10 mM NaCl, 10 mM
MgCl, and 40 mM Mes-AMPD, pH 6.0.
Mangrove oxygen-evolving particles were prepared
by incubating thylakoids at 1.5 mg chl/ml with
25:1 Triton X-100:chl for S min. This incubation
mixture was centrifuged at 40000 X g for 30 min
and washed as described for spinach PS II par-
ticles. The mangrove thylakoids (and OEP)
prepared in this way are routinely devoid of the 23-
and 18-kDa polypeptides [9,16].

Salt-washing of spinach PS II particles was per-
formed by resuspending particles at 1 mg chl/ml in
1 M NaCl, 300 mM sorbitol and 40 mM Mes-
AMPD, pH 5.4, stirring for 30 min at 4°C. Par-
ticles were then centrifuged (40000 x g, 20 min),
the supernatant collected and the pellet washed in
300 mM sorbitol, 10 mM NaCl and 40 mM Mes-
AMPD, pH 6.5, and stored on ice in the same solu-
tion. The supernatant was dialysed against a solu-
tion of 20 mM Mes-AMPD, pH 6.5, for 1.5 h with
a 500:1 ratio of dialysis medium to sample,
followed by 30 min on a bed of dry sucrose to con-
centrate the protein. Reconstitution was achieved
by adding 1 mg protein to 1 mg chl allowed to ag-
gregate for 30 min and then centrifuged in an Ep-
pendorf centrifuge for 5 min. The reconstituted
particles were resuspended in the same medium as
the washed particles.

Oxygen-evolution activity was measured in an
O, electrode, illuminated with saturating red light
using 25 mM Mes-AMPD, pH 6.5, as the basic
assay buffer with 0.5 mM FeCN and 0.13 mM
PBQ as electron acceptors and 2.5 mM NH,CI as
an uncoupler where required. The final volume
was 3 ml with 10 mg chl/ml. NaCl and CaCl; con-
centrations are given in the figure legends.
Chlorophyll was determined as in [17]. LiDS-
PAGE was performed as described in [18].

3. RESULTS

Spinach thylakoids showed a slight increase in
activity with the addition of NaCl and CaCl,
(fig.1), and there was little difference in the effects
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of the two salts. By contrast, CaCl, caused a large
(64%) stimulation of oxygen evolution in spinach
PS II particles, whereas NaCl only stimulated ac-
tivity by half as much. Removal of the 23- and
18-kDa polypeptides by salt-washing caused a
substantial inhibition of oxygen evolution which
could be partly reversed by the addition of NaCl
and to a much greater extent by addition of CaCl,.
NacCl could only increase oxygen evolution by 50%
of that observed with CaCl,. Reconstituting salt-
washed particles by adding back the 23- and
18-kDa polypeptides resulted in an increase in ox-
ygen evolution in the absence of CI™. The addition
of C1™~ did not increase activity by as much as in the
non-reconstituted particles and again CaCl, was
able to increase activity by twice as much as NaCl.

Mangrove thylakoids showed a much greater in-
crease in activity with the addition of Cl™ than did
the spinach thylakoids, with CaCl; giving a greater
increase than NaCl (fig.2). Mangrove oxygen-
evolving particles had very low activity in the
absence of added ClI~ which increased upon addi-
tion of CI™ to levels of activity similar to those of
the thylakoids, indicating a large loss of C1~ during
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Fig.1. Oz-evolution activity as a function of NaCl and

CaCl, in spinach thylakoids (e—e); PS II particles

(m—m); salt-washed PS II particles (A—a); and salt-

washed PS II particles reconstituted with dialysed and

concentrated supernatant (¢——). NaCl, open symbols;
CaCl,, solid symbols.
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Fig.2. Oj-evolution activity of mangrove thylakoids
(e—=e) and OEP (m—) as influenced by NaCl {open
symbols) or CaCl, (solid symbols) concentrations.

isolation. With these particles CaCl; was abie to in-
crease activity by nearly twice as much as NaCl.
The amount of Ca** required for oxygen evolu-
tion was found to be very low once the particles
were supplied with sufficient Cl™. This value was
found to be 2 mM and was independent of the
presence or absence of the 23- and 18-kDa
polypeptides (fig.3). In these experiments the Ci~
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Fig.3. Ca®* requirement for oxygen evolution in spinach

PS II particles (A) and mangrove OEP (B). Control

particles (O—0); salt-washed particles (0—8); and
reconstituted salt-washed particles (&—2a).
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concentration was kept constant, i.e., 32 mM for
spinach PS II particles (fig.3A) and 100 mM for
mangrove membranes (fig.3B), and Ca’* varied.
Salt-washing or reconstituting salt-washed par-
ticles did not alter the amount of Ca?* required,
although it did change the magnitude of the
response (fig.3A). Ca?* produced the largest in-
crease in activity with salt-washed spinach PS 11
particles and mangrove oxygen-evolving particles,
both of which are devoid of the 23- and 18-kDa
polypeptides (fig.4, [9,16]). The increases due to
Ca** with spinach PS II particles and reconstituted
particles were less.

LiDS-PAGE showed the effect of salt-washing
and reconstitution of spinach PS Il particles on
their polypeptide compositions (fig.4). Salt

Sioa

Fig.4. LiDS-PAGE of proteins of spinach thylakoids
and PS II particles. Lanes: 1, spinach thylakoids; 2,
spinach PS II particles; 3, salt-washed spinach PS II
particles; 4, salt-washed spinach PS II particles reconsti-
tuted with dialysed and concentrated supernatant; 5,
supernatant from salt-washed spinach PS II particles; 6,
molecular mass markers: S-galactosidase, 130 kDa;
phosphorylase ¢, 94 kDa; bovine serum albumin,
67 kDa; ovalbumin, 43 kDa; carbonic anhydrase,
29 kDa; trypsin inhibitor, 20.1 kDa; myoglobin,
17.2 kDa; lysozyme, 14.3 kDa; cytochrome ¢, 11.7 kDa;
and insulin, 5.7 kDa. The positions of the 23- and
18-kDa polypeptides are indicated.
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washing removed the 23- and 18-kDa polypeptides
(lanes 3,5), which could rebind after reconstitution
(lane 4). Salt washing also removed two other
polypeptides of 35 and 65 kDa which are not in-
volved in oxygen evolution (lane 5). Western blot-
ting confirmed that the salt-washed spinach par-
ticles and the mangrove membranes had lost the
23- and 18-kDa proteins (not shown, but see [16]).

4. DISCUSSION

Several recent studies [10—12,19,20] have in-
vestigated the involvement of Ca?* in photosyn-
thetic oxygen evolution. These studies have con-
cluded that Ca?* is an essential cofactor for oxygen
evolution and interacts strongly with the 23- and
18-kDa polypeptides (see [11,19]). This study con-
firms the role of Ca** in oxygen evolution, but in-
dicates that there may not be any direct interaction
between Ca?* and these polypeptides. Ca?* was
able to increase oxygen evolution activity in all
PS Il particle preparations regardless of the
presence of 23- and 18-kDa proteins, but not in
spinach thylakoids (fig.1). This would indicate that
the large Ca?* cannot gain access to the site of ox-
ygen evolution in the sealed thylakoids whereas it
can in the open PSII particles. Mangrove
thylakoids must be somewhat leaky as Ca®* can in-
crease oxygen evolution significantly (fig.2). This
is not surprising as these membranes are uncoupled
and electron transport between the two
photosystems is interrupted [21], indicating a
degree of damage during isolation.

In all cases where CaCl, increased oxygen evolu-
tion in PS II particles this was shown to be com-
posed of an increase due to Cl™, and superimposed
on this was an increase due to Ca>*. This has not
always been recognised in earlier studies. Miyao
and Murata [12] found no increase in oXxygen
evolution due to NaCl and little due to CaCl; in
PS II particles, however, their basic assay buffer
contained 10 mM NaCl which is nearly sufficient
to saturate oxygen evolution by spinach PS II par-
ticles (see fig.1). Ghanotakis et al. [11] did not even
consider possible effects of Cl1™ in their study.

Here we investigated the Ca®* requirement for
oxygen evolution under Cl™ sufficient conditions
and found a requirement of 2 mM Ca2* irrespec-
tive of the presence of the 23- and 18-kDa polypep-
tides, or whether membranes were isolated from
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spinach or the halophyte Avicennia marina (fig.3).
This clearly indicates that the 23- and 18-kDa pro-
teins do not act to concentrate Ca>*. Ghanotakis et
al. [19] reported that the 23- and 18-kDa proteins
reduced the Ca®* requirement; however, they did
not control CI™ in their assays, and it has been
shown that the 23-kDa protein increases the affini-
ty of the water oxidation site for CI1~ [9].

The single effect of removal of the 23- and
18-kDa proteins on the Ca?*-induced increase in
activity was to increase the magnitude of this
stimulation. We propose that Ca?*, by binding to
carboxyl groups, may be able to alter the redox
potential of the manganese centre to a more
favourable value. Authors in [22} have already
suggested that Ca?* is able to alter the environment
around the oxygen-evolving centre and a site sen-
sitive to calcium antagonists has been
demonstrated [20]. Authors in [23] have isolated a
13-kDa protein from PS II particles able to bind
Ca?* and this may be involved. The large increase
in activity upon adding Ca®* to salt-washed par-
ticles would be a result of the salt-washing altering
the redox potential to a less favourable value and
not to changes in the nature of the Ca?* binding
site. The site of Ca®* action still has to be une-
quivocally determined and electron donor studies
may help in localising the action to the manganese
centre, Z or P680, or prove it to have a more
delocalised effect.
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