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Restoration of light induced photosystem II inhibition without de novo
protein synthesis
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Illumination of isolated spinach thylakoid membranes under anaerobic conditions gave rise to severe inhibition of photosystem II electron transport
but did not result in D,-protein degradation. When these photoinhibited thylakoids were incubated in total darkness the photosystem II activity
could be fully restored in vitro in a process that required 1-2 h for completion.
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1. INTRODUCTION

Photoinhibition is characterized by inactivation of
photosystem II (PSII) electron transport by high light
intensities [1]. Several mechanisms for the light-induced
impairment of PSII activity have been proposed. These
include effects on the acceptor side of PSII 2] such as
double reduction of the primary quinone acceptor Qa
{3] or damages on the level of the second quinone accep-
tor, Qs [4]. Also a direct impairment of the primary
charge separation [5,6] or involvement of the donor
side reactions [7-9] have been suggested.

A subsequent event to the photoinhibition is a pro-
teolytic degradation of the reaction centre protein, D;
[2,10,11] and disassembly of PSII [12]. The induction
of this specific breakdown of the D;-protein has been
suggested to include radicals formed directly in the
reaction centre or indirectly through PSII mediated for-
mation of oxygen or hydroxyl radicals {2,3,9,13,14].

Recovery from photoinhibition is generally thought
to require de novo synthesis of the Dj-protein and
reassembly to create functional PSII centres [15-17].

However, degradation of the D;-protein does not
always occur in response to light-induced inhibition of
PSII. It has recently been reported that the D;-protein
is not degraded at low temperatures although pho-
toinhibition of PSII electron transport readily occurs
[18]. In addition, photoinhibited but D;-protein con-
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taining PSII centres are also created by strong light
under anaerobic conditions [10,19,20].

In this study we show that subsequent to strong il-
lumination of thylakoids under anaerobic conditions,
photoinhibited but Dy-protein containing PSII centres
are able to regain their electron transport capacity in
vitro without de novo protein synthesis.

2. MATERIALS AND METHODS

Spinach thylakoids were isolated according to [21]. Photoinhibitory
illumination of the thylakoid membranes was performed in a medium
composed of 50 mM Tricine, pH 7.6, 100 mM sorbitol, 5 mM MgCl,
and 20 mM NaCl at a chlorophyll concentration of 0.2 mg/ml using
white light of 4500 zmol photons m™2s~!, Anaerobic experiments
were performed in rubber stoppered vials that had been repeatedly
evacuated and flushed at least 10 times with catalytically purified
argon,

Subsequent to illumination the thylakoids were incubated for dif-
ferent time periods at indicated temperatures in complete darkness,
low intensity white light (10 xmol photons m~2s™") or far red light
(710 nm) either in the presence or absence of oxygen.

PSII electron transport was measured in a Hansatech oxygraph at
saturating light with phenyl-p-benzoquinone as electron acceptor.
SDS-polyacrylamide gel electrophoresis and Western blotting were
performed principally according to Laemmli [22] and Towbin et al.
[23], respectively. Chlorophyll was measured according to Arnon
[24].

3. RESULTS

When isolated thylakoid membranes were subjected
to strong illumination under anaerobic conditions the
inhibition of PSII electron transport was quite severe
(Fig. 1). Only 15-20 min of illumination was required
to obtain 90% inhibition. The rate and degree of inhibi-
tion at anaerobic conditions were more pronounced
than at aerobic conditions (Fig. 1) in agreement with
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Fig. 1. Inhibition of PS II electron transport during strong illumina-

tion of isolated thylakoid membranes under aerobic (—e—) and

anaerobic (—O—) conditions at 20°C. PSI oxygen evolution was
measured at 20°C using phenyl-p-benzoquinone as acceptor.

[10,25,26]. Moreover, under anaerobic conditions no
degradation of the D;-protein could be seen as judged
by immunoblotting (Table I).

The D;-protein remained stable in the photoinhibited
thylakoids even after transfer to aerobic conditions and
subsequent incubation in darkness for 90 min. The lack
of Di-protein degradation under anaerobic conditions
therefore appears to have a different molecular basis to
that seen at low temperatures in the presence of oxygen.
In the latter case D;-protein degradation is induced
when the photoinhibited sample is transferred to higher
temperatures and complete darkness (Table I).

Most strikingly, however, when the photoinhibited
but D;-protein containing thylakoids from the anae-
robic illumination were kept in darkness the impair-
ment of PSII electron transport was reversed (Figs. 2
and 3). The activity could be completely restored even
after very severe photoinhibition. The recovery of the
PSII activity occurred to about the same extent both in
the presence and absence of oxygen (Fig. 2). However,
the recovery was strongly prevented by light. White
light with an intensity as low as 10 xmol photons m~%s™*
largely abolished the restoration process. Moreover,

Table 1

D;-protein content in thylakoids after illumination at different
temperatures in the presence or absence of oxygen

Illumination conditions D;-protein content (% of control)

After illumination + dark incubation

~ oxygen, 20°C 100 100
~ oxygen, 2°C 100 100
+ oxygen, 20°C 78 63
+ oxygen, 2°C 100 70

Isolated thylakoid membranes were illuminated for 30 min with

strong light at 20°C and 2°C in the presence or absence of oxygen.

D,-protein content was quantified by immunobiotting directly after

illumination and after an additional 90 min of incubation in darkness
under aerobic conditions
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Fig. 2. Recovery of PS II activity after anaerobic photoinhibition.

Isolated thylakoids were illuminated at 20°C for 9 min and subse-

quently transferred to darkness for reactivation in the presence

(—e—) or absence (—O—) of oxygen or to low light (10 4E) in the
presence of oxygen (—O—).
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Fig. 3. Time course of the recovery process after different degrees of
photoinhibition. At specified timepoints during anaerobic pho-
toinhibition (—x~) samples were withdrawn and incubated aerobical-
ly in darkness at 20°C. The photosystem II activity was measured
after 35 (—O—), 80 (—e—) and 120 (—O—) min of recovery.

only partial reactivation (30%) was seen when far red
light (710 nm) was applied during the recovery process.

The restoration of the PSII activity was highly time
dependent (Fig. 3). Maximal recovery required as long
as 80-120 min for completion, depending on the degree
of inhibition. The electron transport could be fully
restored even when the photoinhibition was as high as
70%. However, when the maximal level of inhibition
(85-90%) was reached the reversibility gradually
decreased. This indicates that prolonged illumination
induces an irreversible impairment of the PSII activity.
Under aerobic conditions the photoinhibition was
always irreversible even after very short periods of il-
lumination.

4. DISCUSSION

In this work, we have for the first time been able to
demonstrate in vitro restoration of steady state PSII ac-
tivity lost during a photoinhibitory process. The
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recovery, which was seen in photoinhibited but
D;-protein containing PSII complexes, occurred
without de novo protein synthesis. It was strictly depen-
dent on anaerobic conditions during the illumination
and on complete darkness during the subsequent
recovery. The restoration was not dependent on
anaerobiosis but proceeded quite independently of the
relative oxygen content. These novel observations raise
several questions related to light impairment of PSII
electron transport, D;-protein turnover and repair of
photoinhibition.

At present, there is very little experimental basis to
understand the molecular mechanism behind the pres-
ent reactivation of PSII activity. Moreover, theoretical
considerations are hampered by the lack of consensus
among the models trying to explain the events leading to
photoinhibition of PSII electron transport [3-9]. Still
another complication is that different mechanisms may
apply to photoinhibition under aerobic and anaerobic
conditions [13,27].

Most studies on photoinhibition point to effects on
the acceptor side of PSII, mainly impairments of the Qa
or Qg functions. These could invoive double reduction
of Qa [28] as has been suggested for aerobic high light
photoinhibition [3] or the formation of stable Q5™ [27]
connected to a rapid deactivation phase seen under
anaerobic photoinhibition. These impairments would
require reoxidation of the guinones in order to re-
establish functional PSII. Such reoxidations can not be
excluded in the present restoration. However, illumi-
nation by far red light in order to oxidize PSII through
PSI electron transfer did not enhance but rather re-
duced the rate of recovery. The impairment could also
result from the lack of quinone binding in pho-
toinhibited reaction centres and consequently a reoc-
cupation of empty quinone sites would be a prerequisite
for recovery of the PSII activity. The reversibility could
also be attributed to the D;-protein itself. Confor-
mational changes connected to the inhibition process
could reverse provided the degradation of the
D;-protein does not occur. Both reoccupation of empty
quinone sites and/or protein conformational changes
may proceed quite slowly as is the case for the present
restoration process (Fig. 3).

Prolonged illumination of the thylakoids under
anaerobic conditions resulted in an irreversible pho-
toinhibition (Fig. 3). This points to two inhibition
phases during anaerobic light stress; the first phase be-
ing reversible and the later irreversible. Recent in vitro
photoinhibition studies [20,27] under anaerobic and
aerobic conditions resolved the impairment of PSII ac-
tivity into one fast and two slow phases. The fast phase
was observed only under anaerobiosis, while the slower
phases were seen both under anaerobic and aerobic con-
ditions. This fast photoinhibition seen by Setlik et al.
[27] may resemble the reversible inhibition described in
the present study.
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Ohad and coworkers [29] have recently proposed a
protein synthesis independent partial recovery of
aerobic photoinhibition in vivo. If the recovery seen in
the present study has any common properties with this
aerobic in vivo recovery can not be judged at present.
The physiological significance of recovery from pho-
toinhibition without a repair cycle involving Dy-protein
turnover should be an interesting subject for future in-
vestigations.

Finally, our results show that there is a mechanistic
difference between the photoinhibited but D;-protein
containing PSII centres obtained at low temperatures
[18] or anaerobic conditions (Table I). In the latter case
the D;-protein is not triggered for degradation which is
the case for the Dy-protein after aerobic low temper-
ature photoinhibition (Table I). These observations
strongly corroborate that oxygen radicals formed dur-
ing illumination are involved in triggering the
D;:-protein for degradation.
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