Biochimica et Biophysica Acta 848 (1986) 359-363
Elsevier

BBA 41964

359

H,0, accessibility to the Photosystem II donor side in protein-depleted
inside-out thylakoids measured as flash-induced oxygen production
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The oxygen yield pattern from Photosystem Il-enriched inside-out vesicles depleted of the 16 and 23 kDa
polypeptides was studied. Two changes were observed. Firstly, there was as expected a decrease in the
average amplitude due to the overall inhibition of oxygen-evolving capacity. Secondly, a signal was observed
already at the first flash. This latter change in oscillation pattern was found to be caused by H,0, and
weakly bound manganese present in the material. Thus, catalase, EDTA and high salt concentrations
inhibited the signal on the first flash, while addition of H,0, or MnCl, increased the signal. The
interpretation of these results is that removal of the 16 and 23 kDa proteins modifies the structure of the
oxygen-evolving complex in such a way that it exposes the water-splitting site and makes it possible for H,0,
to act as an electron donor to Photosystem II even at low concentrations.

Introduction

The photosynthetic oxygen-evolving process is
still not resolved with respect to its mechanism
and the identity and number of participating pro-
teins. A widely accepted model that constitutes the
framework for our current picture of the photo-
synthetic oxygen evolution is that proposed by
Kok et al. [1]. According to this model all water-
splitting units work independently from each other
and each is able to accumulate successively four
positive charges before a molecule of oxygen is
produced. The model is based on the oxygen yield
pattern obtained from dark-adapted algae or chlo-
roplasts upon illumination by a train of short
saturating flashes of light. Important information
about the stability of accumulated charges and
kinetics of individual steps can be obtained from

Abbreviations: Mes, 4-morpholineethanesulphonic acid; a.u.,
arbitrary unit; ABTS, 2,2’-azinodi(3-ethylbenzthiazoline-6-
sulphonic acid).

the oxygen-yield pattern simply by varying the
dark-adaptation time and the time between flashes.
For an early review, see Joliot and Kok [2].

In recent years much attention has been paid to
the protein components of the oxygen-evolving
system. The progress in this field was greatly
facilitated by the isolation of inside-out thylakoids
[3] and Photosystem II particles prepared by the
use of detergents {4]. The first protein shown to be
associated with the oxygen-evolving process, by
direct reconstitution experiments, had a molecular
weight of 23 kDa [5]. Later, direct-reconstitution
experiments have established a role also for a 33
kDa protein [6,7] and a 16 kDa protein [7]. The
function of these proteins is still not completely
understood but they appear to facilitate the utili-
zation of chloride and calcium ions by Photosys-
tem II [7-10]. Thus after removal of the 23 and 16
kDa protein by washing the membranes with high
concentrations of NaCl or removal of the 33, 23
and 16 kDa proteins by CaCl, washing, the
oxygen-evolving activity was dependent either on

0005-2728 /86 /303.50 © 1986 Elsevier Science Publishers B.V. (Biomedical Division)



360

the readdition of these proteins, or alternatively on
the addition of extra chloride or calcium.

An interesting question is how the removal of
one or a number of these proteins influence the
electron-transfer steps and the accumulation of
charges on the oxidizing side of Photosystem II. In
a preliminary study on inside-out thylakoids de-
prived of the 23 and 16 kDa proteins, it was found
that the oxygen yield pattern was indeed changed
{11}. The treatment not only caused a decrease in
average amplitude, but also the appearance of
oxygen already at the first flash. A similar pattern
has been reported for untreated Photosystem II
particles [12], but could not be repeated in a later
work [13].

The present study was carried out to elucidate
the mechanism behind the changed oscillation pat-
tern. The results suggest that the presence of small
amounts of hydrogen peroxide, produced by the
thylakoid material upon illumination, can act as
an electron donor on the oxidizing side of Photo-
system Il and thereby produce oxygen.

Materials and Methods

Inside-out thylakoids were obtained by mecha-
nical disintegration of stacked spinach thylakoids
followed by phase partition as previously de-
scribed [14]. For the salt washing, the isolated
inside-out thylakoids were incubated in 250 mM
NaCl, 10 mM sodium phosphate (pH 7.4) (20 ug
chlorophyll /ml) on ice in room light for 30 min.
After centrifugation (65000 X g, 30 min) the mem-
branes were suspended in 500 mM sucrose,/5 mM
sodium phosphate (pH 7.4)/2.5 mM NaCl, and
either used directly or stored in liquid nitrogen
after addition of 5% dimethylsulfoxide until use.

Oxygen yields from sequences of 1.5 ps xenon
light flashes, spaced 0.7 s, utilizing a PRA Model
610C (London, Ontario) as source, were measured
at room temperature (20-23°C). A bare platinum
electrode polarized 0.6 V vs. the Ag|AgCl refer-
ence electrode, was essentially as described by
Joliot and Joliot [15]. The flow medium used was
30 mM Mes (pH 6.5) and either CaCl, or KCl
with a concentration as indicated. The samples (1
mg chlorophyll /ml) were kept in the dark on ice
and applied to the electrode in weak green light,
and further dark adapted for 5 min on the elec-

trode. The flash-induced oxygen yields (Y,) were
measured and normalized to the average of the
yield obtained on flash 3, 4, 5 and 6, here defined
as the steady-state value, Y, .

The hydrogen peroxide concentration in
thylakoid samples was determined by use of the
lactoperoxidase-catalysed reaction with 2.2’-
azinodi(3-ethylbenzthiazoline-6-sulphonic acid)
(ABTS) [16). After removal of thylakoid mem-
branes by centrifugation, 250 ul of sample were
added to a system containing 500 pul ABTS (2
mg,/ ml) and 250 pl lactoperoxidase (3.2 units/ml)
and the absorbance was measured at 420 nm, and
compared to a standard curve.

Results

The oxygen yield pattern obtained from dark-
adapted Photosystem Il-enriched inside-out
vesicles, when subjected to a train of flashes, is
shown in Fig. 1. The pattern is similar to that
obtained from intact thylakoids. Thus, no oxygen
was produced on the first flash, a maximum
amount at the third, followed by a dampened
oscillation with a period of four. Changing the
KCl concentration in the range from 100 mM
down to 2 mM did not influence this pattern
appreciably.
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Fig. 1. Oxygen-yield pattern of untreated inside-out thylakoids
(O, Y, =100 a.u.), and salt-washed inside-out thylakoids (@,
Y, = 65 a.u.). The flow medium contained 2 mM KCl and 30
mM Mes, pH 6.5. The time between flashes was 0.7 s.



TABLE 1

OXYGEN YIELD ON THE FIRST FLASH AS A FUNC-
TION OF MEDIA COMPOSITION FOR INSIDE-OUT
THYLAKOIDS

Values are in percentage of the steady-state value. All additions
were made to the flow medium, except for catalase, which was
added directly to the thylakoid samples.

Additions Y,/ Y, (%)
Inside-out thylakoids
Untreated  Salt-washed
2 mM KCI 0 57
10 mM CaC(l, 0 12
2 mM KCl + catalase 0 0
2 mM KCl+1 mM H,0, 47 117
2mM KC1+0.25mM H,0, 21 119
2 mM KC1+0.05 mM H,O0, 0 113
2 mM KCl+1mM EDTA 0 0
2 mM KCI+100 uM MnCl, 0 88

Upon salt washing of the inside-out thylakoids,
two changes in the oxygen-yield pattern were ob-
served at low salt concentrations (Fig. 1). First,
there was a 35% decrease in the average amplitude,
and secondly a signal was observed already at the
first flash. Moreover, the oxygen yield at the first
flash was dependent on the salt concentration and
was more pronounced at lower concentrations (Ta-
ble 1).

In a preliminary study [11] it was suggested that
the signal at the first flash originates from oxygen
produced when hydrogen peroxide is oxidized by
Photosystem II. The hydrogen peroxide in turn
was thought to be produced by the electrode. To
test whether hydrogen peroxide could be involved,
catalase was added to the samples in a ratioof 2: 1
(mg chlorophyll/mg catalase). Indeed, for the
salt-washed inside-out thylakoids the signal at the
first flash disappeared completely and the oscilla-
tion became more pronounced (Fig. 2, filled
circles).

When small amounts (less than 0.05 mM) of
hydrogen peroxide were added to the flow medium,
the oxygen yield for salt-washed inside-out
thylakoids at the first flash increased, while the
untreated inside-out thylakoids were unaffected.
At higher concentrations of H,O, it was possible
to induce a yield at the first flash also in untreated
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Fig. 2. Oxygen-yield pattern of salt-washed inside-out
thylakoids, with catalase (®, Y, =25 a.u.), and with 100 uM
MnCl, (@, Y, =50 a.u.).

inside-out thylakoids (Table I and Fig. 3). Further-
more, an oscillation with a period of two rather
than four was observed. At this high concentration
of H,0, the salt-washed inside-out thylakoids
showed a maximum at the first flash and the
oscillation was no longer seen (Fig. 3). These re-
sults show that the oxygen yield pattern from
salt-washed inside-out thylakoids can be strongly
influenced by the presence of hydrogen peroxide.
In order to determine if the electrode could
produce hydrogen peroxide, pure buffer were ap-
plied to the electrode, withdrawn at different time
intervals and analysed for hydrogen peroxide con-
tent. In contrast to an earlier suggestion [11] the
electrode did not produce any detectable amount
of hydrogen peroxide. On the contrary, the elec-
trode consumed hydrogen peroxide when added.
Thus the origin of the hydrogen peroxide must
be the thylakoid material. It was found that both
untreated and salt-washed inside-out thylakoid
fractions contained small amounts of hydrogen
peroxide (Fig. 4, time zero). Illumination of the
thylakoid material caused a linear increase in the
hydrogen peroxide concentration. This light-in-
duced hydrogen peroxide production by the
thylakoid material is in accordance with earlier
observations (e.g., Ref. 17). Therefore it is likely
that the hydrogen peroxide present in the thylakoid
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Fig. 3. Oxygen-yield pattern of untreated (O, Y, = 60 a.u.) and
salt washed (®, Y,,=100 a.u.) inside-out thylakoids in the
presence of 1 mM H,0,.

samples has been produced by the light absorbed
during the isolation and pretreatment of the sam-
ple. The difference in hydrogen peroxide produc-
tion seen between untreated and salt-washed
material has been reproducible. However, the
origin of this difference is not obvious, but an
interesting possibility that is under current invsti-
gation is that hydrogen peroxide, as an inter-
mediate in the oxygen-evolving process, leaks out
more easy from the salt-treated thylakoids which
lack the 23 and 16 kDa proteins.

It is known that hydrogen peroxide can donate
electrons to Photosystem II. However, as shown
by Velthuys [18], hydrogen peroxide cannot donate
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Fig. 4. H,0, production as a function of illumination time for
untreated inside-out thylakoids (O), and salt-washed inside-out
thylakoids (@).

directly to Photosystem 11, but requires the pres-
ence of Mn?*. To establish the role of free Mn**
in our system either 1 mM EDTA or 100 pM
MnCl, was added to the flow medium. EDTA
addition caused a total disappearance of the signal
on the first flash (Table I) and a pronounced
oscillation with a period of four was observed.
Addition of MnCl, to salt-washed thylakoids nor-
mally caused only a minor increase in the oxygen
yield on the first flash (Fig. 2). However, in some
samples of salt-washed inside-out thylakoids, where
the yield obtained at the first flash was low, it was
increased to essentially the same final level by
addition of MnCl,. Thus, free Mn appears to play
an essential role for the generation of the signal
observed on the first flash.

Discussion

The results show that the altered oxygen yield
pattern observed for slat-washed inside-out
thylakoids is due to the presence of hydrogen
peroxide and free manganese ions. The hydrogen
peroxide was found to originate from the thylakoid
material, rather than from the electrode as was
proposed in the preliminary study [11].

It is interesting to note that the untreated in-
side-out thylakoids did not show this oxygen yield
pattern, despite their production of hydrogen per-
oxide. The différence seen between the untreated
and salt-washed material should therefore be re-
lated to either a difference in the free Mn content
or due to an increased accessibility for the hydro-
gen peroxide donation site in the material depleted
in the 16 and 23 kDa proteins. Since addition of
Mn to the untreated inside-out thylakoids did not
induce a signal on the first flash (Table I), the
results suggest that the 23 and 16 kDa proteins
have a shielding effect.

This interpretation is supported by the results
of Ghanotakis et al. {19], using Photosystem II
particles. They found that after removal of the 23
and 16 kDa proteins, reducing agents like NH,OH
and H,0O, more easily caused a destruction of the
Mn complex measured as a release of Mn and
inhibition of oxygen-evolving capacity. From stud-
ies on Zn-induced Mn release, Miller [20] also
suggested that the 16 and 23 kDa proteins shield
the Mn site.



The anomalous oxygen yield pattern reported
by Lavorel [12] for Photosystem 1II particles was
explained in terms of an increased stability of state
S;. An alternative explanation is that the anoma-
lous oxygen production was due to H,O, acting as
electron donor.

It has been shown by several workers that high
Cl concentration attenuates the effect of removal
of the 16 and 23 kDa proteins. At higher salt-con-
centration the oxygen yield on the first flash also
decreases (Table I). It is not clear whether this
means that Ca/Cl also has shielding effects.
Another possibility is that weakly bound
manganese is more efficiently removed by the flow
medium at higher ionic strength. The salt depen-
dence may explain why such a signal was not seen
for salt-washed Photosystem II particles in the
recent study by Boussac et al. [21].

The oscillation with a period of two seen in Fig.
3 for untreated inside-out thylakoids in the pres-
ence of high concentrations of hydrogen peroxide
is similar to that observed by Velthuys {22], and
was explained by a direct two-electron donation
by hydrogen peroxide. This may also be the case
in the experiments presented here where high con-
centrations of hydrogen peroxide was used, as
addition of EDTA in this case did not completely
restore the period of four oscillation (not shown).

To obtain a reliable oscillation pattern for pro-
tein-depleted samples at low ionic strength without
contribution from hydrogen peroxide, catalase
should be added.

In conclusion, removal of 16 and 23 kDa pro-
teins modifies the structure of the oxygen-evolving
complex in such a way that the reaction site be-
comes exposed and accessible to H,O,.
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