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of oxygen evolution in photosystem II particles
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The release of both Mn and polypeptides as well as the inactivation of O, evolution in Cyg;-treated PS II particles was
studied. An increase of incubation temperature above 20°C greatly accelerated depletion of both Mn and peptides and
inactivation of O, evolution. At 25°C about 30% of Mn was released whereas following incubation at 30°C release of
50% of Mn, complete depletion of both 10 and 18 kDa peptides as well as complete inactivation of O, evolution were
observed. Simultaneously, the release of 24 and both 33 and 43 kDa peptides was about 40 and 30%, respectively. At
25°C, Cg; released only one Mn/reaction centre from PS II particles depleted of 18 and 24 kDa peptides, while two
Mn/reaction centre were released from particles devoid of 18, 24 and 33 kDa peptides. These observations suggest that
the 33 kDa peptide stabilizes preferentially two of the four Mn atoms of the oxygen-evolving complex. The effect of C;53
on Mn release from PS II particles is thus similar to that of heat and urea treatments.

0, evolution; Mn; Polypeptide; Linolenic acid; Photosystem 11

1. INTRODUCTION

In recent studies on the polypeptides and Mn in
the oxygen-evolving complex and their function in
photosynthetic O, evolution, several methods have
been applied to liberate these components from
membranes such as broken thylakoids, O;-evolv-
ing PS II particles or inside-out thylakoids. The
agents used for solubilization of Mn and polypep-
tides are active to various extents against one or
several of these components. Monovalent salt-
washing [1,2] and deoxycholate [3] liberate the 18
and 24 kDa polypeptides without release of both
Mn and the 33 kDa peptide and cause partial inac-
tivation of oxygen evolution. On the other hand,
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divalent salt-extraction [4,5] or treatment with
urea + NaCl [6] completely liberate all three
polypeptides and inactivate O, evolution, whereas
all the Mn is preserved after removal of these pro-
teins [4,6]. Tris- and/or alkaline-extraction of
PS II particles [1,3,7] and inside-out thylakoids [8]
liberates the 18, 24 and 33 kDa peptides accom-
panied by a release of Mn [1,9] and causes total in-
activation of oxygen evolution. A similar effect is
observed following heat treatment {3,10,11]. In-
cubation of PS II particles with concentrated urea
[6,12,13] results in a depletion of these three pep-
tides (to various extents) and about half [10,11] or
only part [13] of the Mn content causing an inac-
tivation of oxygen evolution. Hydroxylamine at
1.5 mM removes about 50% of the Mn from the
particles and almost completely inactivates Os
evolution whereas the 18, 24 and 33 kDa polypep-
tides are not liberated [9].

Recently we have reported [14] that similar to
Tris and hydroxylamine, the inhibitory effect of
both endogenous and exogenous Cis:3 on oxygen
evolution depends on the release from chloroplasts
of functionally active loosely bound Mn. These
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findings suggested that the release of Mn from
chloroplasts by this fatty acid may be accompanied
by a depletion of some polypeptides involved in the
O,-evolution system. The present data show that
treatment with Cig:3 of PS II detergent particles
results in the complete depletion of the 10 and
18 kDa peptides and about one third of the 24, 33
and 43 kDa peptides as well as release of 50% of
the Mn content accompanied by inactivation of ox-
ygen evolution.

2. MATERIALS AND METHODS

Broken spinach chloroplasts were prepared as described in
[15] and the PS II detergent particles were obtained by the pro-
cedure of Yamamoto et al. [16] with some modifications. The
activity of PS II particles was about 220 * 20 zmol O:
evolved-h™!-mg Chl™!. Particles were stored at — 60°C or in li-
quid N until use.

Incubation of PS II particles with Cig.3 (dissolved in ethanol
at a final concentration lower than 1%) was performed for 1 h
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in room light in plastic tubes at a final Chl concentration of
1 mg/ml. After incubation in the temperature range between 15
and 30°C, the suspensions were centrifuged at 80000 x g for
30 min, pellets were suspended in a small volume of 20 mM
Hepes buffer (pH 7.0) containing 0.33 M sorbitol, 15 mM
NaCl, 4 mM MgCl, and used for oxygen-evolution activity and
Mn and polypeptide content determinations.

For selective depletion of the 18 and 24 kDa peptides, par-
ticles were treated with NaCl [10}, while for depletion of the 18,
24 and 33 kDa peptides either treatment with CaCl, [4] or
urea + NaCl [6] was applied. Details are given in the legend to
table 1.

Polypeptide composition in the PS II particles was analysed
by SDS-urea electrophoresis following solubilization of samples
as in [7]. The 12-22,5% polyacrylamide gradient, 0.4%
bisacrylamide and 4 M urea was prepared as in [17]. The
polypeptide patterns of control and pellets of Cis.a-treated
samples were assayed using a Vitatron gel scanner. Peak areas
of each peptide obtained on the densitogram were normalized
using the 9 kDa peptide as inner standard. The amount of ex-
tracted polypeptides was calculated as the difference between
their content in control and in Cyg.3-treated samples.

Oxygen evolution was measured at 25°C under saturating
tungsten light using a Clark-type electrode with 0.2 mM phenyi-
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Fig.1. Effect of linolenic acid and incubation temperature on oxygen evolution (A) and Mn content (B) in PS II particles.
Concentrations of Cis.3 were: (@) 0.5; (0) 1.0; (A) 2.0 mg/mg Chl. The content of Mn and oxygen-evolution activity in control PS II
particles were 4.3 + 0.3 gatom/290 Chl and 210 + 10 zmol O evolved -h™'-mg Chl™!, respectively. The incubation of PS II particles
over the temperature range 15-30°C in the presence of 1% ethanol but in the absence of Cig.3 results in both release of Mn and
inactivation of O, evolution by 3, 6, 9 and 15% of the control at 15, 20, 25 and 30°C, respectively. Therefore for each temperature
applied, 100% levels were calculated by subtraction of the appropriate values of both Mn content and O;-evolution activity (measured
following incubation of particles in the absence of Cj3.3 at the temperature indicated) from the control levels determined in untreated
particles. So, the net effect of Cig.3 treatment is presented in this figure. The results are means + SD of 4—6 and 3—4 experiments
in A and B, respectively. Error bars were omitted from B for clarity and replaced by numbers.
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p-benzoquinone and 2 mM ferricyanide as an electron acceptor
and buffer as in [18].

Mn was determined by atomic absorption using the graphite
oven technique and a Perkin Elmer-300 spectrometer. The ratio
of Chl to PS II reaction centres was estimated from the content
of cytochrome b-559 (7.7 nmol/mg Chl) determined as de-
scribed in [19] using a Specord M-40 (Carl Zeiss Jena) and
assuming a stoichiometry of 2 cytochromes per reaction centre.
Chlorophyll was determined as in {20].

3. RESULTS

Fig.1 shows the effects of temperature and con-
centration of C;s.3 on O, evolution (A) and release
of Mn (B) following incubation of PS II particles.
Inhibition of O, evolution and Mn depletion was
small at a low (0.5) C15:3/Chl weight ratio when in-
cubation was carried out at temperatures up to
25°C. Much more effective were incubations at
25°C and 30°C and at higher C;3.3 concentrations.
Following incubation of PS II particles at 25°C
and 30°C and for a Cis.3/Chl ratio equal to 2,
about 30% and 50% of the Mn were released,
respectively, and O: evolution was completely in-
activated. Thus, the effect of Cis:3 on O3 evolution
and Mn depletion was similar to that of urea [6,12]
and heat [11] treatment.

Fig.2 shows the polypeptide electrophoretic pro-
file of PS II particles before and after Cys.3 treat-
ment. Incubation of PS 1I particles with Cys.3 at
15°C did not result in a release of polypeptides
(not shown), whereas following incubation of par-
ticles at 25°C and 30°C peptides were released to
a great extent. The optimum concentration of Cis.3
was 2 mg per mg Chl. As can be seen in fig.2, the
treatment of PS II particles with Cs.3 at this con-
centration resulted in complete or partial liberation
of five polypeptides: 10, 18, 24, 33 and 43 kDa,
e.g. 10 and 18 kDa peptides were totally liberated,
whereas release of the 24 and 33 kDa peptides
from particles was about 40% and 30%, respec-
tively. The 43 kDa band corresponding to the
chlorophyll-carrying proteins was reduced by
about 30%. It is noteworthy that Cis.3-induced
release of the 10 kDa polypeptide from PS II par-
ticles resembles the depletion of this polypeptide
by Tris-washing of the inside-out vesicles [21]. On
the other hand, incubation of PS II particles with
Cis:s did not affect the light-harvesting
chlorophyll-protein complex and proteins ranging
from 20 to 25 kDa (except the 24 kDa polypeptide)
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Fig.2. Polypeptide composition of SDS-urea PAGE of PS 11

particles following incubation with linolenic acid. PS1I

particles were washed once with buffer after storage at —60°C

and incubated with Cis:3 (2 mg/mg Chl) either at 25°C or at
30°C for 1 h.

and the 32 kDa intrinsic protein. The effect of
Cis.3 on peptide release from PS II particles is
similar to the action of lauroylcholine chloride
which extracted polypeptides of similar molecular
masses [22].

The relationship between polypeptide and Mn
release from PS II particles is shown in fig.3. It
can be seen that for a C;3.3/Chl ratio of 1, 20% Mn
depletion is accompanied by 100, 35 and 18%
release of 18, 24 and 33 kDa polypeptides, respec-
tively.

Restricted liberation of both the 33 kDa peptide
and Mn from membranes (fig.3) led us to check the
effect of Cis:3 on particles previously depleted of
18 and 24 kDa peptides by NacCl treatment [6] as
well as on those depleted of all three peptides (18,
24 and 33 kDa) under conditions which did not af-
fect Mn content, i.e. by CaCl; [4] or urea + NaCl
[6] treatment. As can be seen in table 1, following
C,s:3 incubation of NaCl-washed or intact particles
about one Mn/reaction centre was released,
similarly to Zn** treatment [23]. However, when
the membranes were depleted of the 33 kDa
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Fig.3. Relationship between Mn and polypeptide release from
PS II particles following linolenic acid treatment at 25°C. Data
for Mn are taken from fig.1B, while those for polypeptides are
from an electrophoretic assay of the samples used in the
experiments of fig.1B. Amounts of both Mn and polypeptides
released were calculated as differences between their contents in
control particles and pellets of C,s.3-treated samples.

polypeptide the amount of released Mn increased
to 1.8—1.9 Mn/reaction centre. This suggests that
the 18 and 24 kDa peptides did not enhance the
release of Mn by Cis.3, while depletion of the

Table 1
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33 kDa peptide facilitated the removal of two
Mn/reaction centre.

4. DISCUSSION

Extrinsic proteins (10, 18, 24 and 33 kDa)
located at the inner surface of the thylakoid mem-
brane are not released by Tris-washing of the
thylakoid membranes and right-side out vesicles
[21]. However, when PS II detergent particles or
inside-out vesicles are used Tris treatment removes
these proteins [24]. Similarly, incubation of PS II
detergent particles with Cys.3 results in a release of
the above mentioned peptides and Mn as well as an
inactivation of O evolution. Inhibition of O,
evolution in chloroplasts by low C;s.3 concentra-
tions (up to 100 M) and short incubation time (up
to 10 min) is reversible upon the addition of Mn?*
[25,26]. This is in accordance with the findings of
Goldbeck et al. [26] that Ci3.53 affects two sites in
PS II: (i) a site of slow but irreversible loss of the
loosely bound pool of Mn from the water-splitting
complex and (ii) a site of fast but reversible inhibi-
tion of artificial donor reactions in PS II. In our
experiments about 7-times higher concentrations
of Cy3.3 and a much longer time of incubation were
applied than in those of Goldbeck et al. [26].

The effect of linolenic acid on photosynthetic oxygen evolution and manganese content in oxygen-
evolving PS II particles depleted of 18 and 24 kDa peptides

Treatment Presence of Oxygen evolution Mn/290 Chl  Difference
the 33 kDa (#mol-mg (effect of
peptide Chl~'-h™}) Cis:3)
Control, untreated + 210 4.0
Control, incubated, 1 h at 25°C + 203 3.6} 1.1
Control + Cys:3, 1 h at 25°C + 22 2.5 :
NaCP? + 62 3.8 1.2
Nacl, followed by Cis:3 + 20 2.6 :
CaCl,® - 38 3.2 1.8
CacCl;, followed by Cis:3 — 9 1.4 :
Urea + NaCl* — 0 33 1.9
Urea + NaCl, followed by Cis.3 - 0 1.4 .
Tris (pH 9.3), 4°C, 30 min - 0 0.5

% 1.0 M NaCl, 20 mM Mes-NaOH (pH 6.5)
® 1.0 M CaCl,, 20 mM Mes-NaOH (pH 6.5)

€ 2.5 M urea, 200 mM NaCl and 20 mM Mes-NaOH (pH 6.5)

Incubation with salts and urea was carried out at 4°C in room light for 1 h followed by treatment
with linolenic acid (2 mg/mg Chl) for 1 h at 25°C where indicated
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Under these conditions C;s:3 affects both Mn con-
tent and partially the peptide content. Their loss
seems to be responsible for a decrease in O, evolu-
tion while an increase in the lipid/protein ratio of
membranes in the presence of this fatty acid ap-
pears to be of secondary importance.

Liberation of polypeptides in the presence of
Cig:3 is similar to that caused by lauroylcholine
chloride [22] and deoxycholate [3] which release 16
and 24 kDa peptides from thylakoid membranes.
Whereas deoxycholate treatment of thylakoid
membranes did not affect Mn content, the incuba-
tion of chloroplasts [14] and PS II particles (fig.1B
and table 1) with C,s.3 results in a depletion of up
to 50% of the Mn content. Moreover, the 10 and
18 kDa peptides are released completely while
about one third of the 24, 33 and 43 kDa polypep-
tides are liberated. Thus in contrast to salt-washing
[1,2,4,27} or urea + NaCl [6] treatment, Cis.3
releases Mn in addition to polypeptides. It is
noteworthy that like in the case of urea-treated
{9,12], urea + NaCl-treated [6] or heat-treated [11]
particles, incubation of PS II particles depleted of
the 33 kDa peptide by Cis.3 released two of the
four Mn atoms together with a loss of O»-evolution
activity.
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