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The rate of the irrgverxible damuge 1o lhc renclion center 11, esused by expesure of spinach lhylnkmd: ta high light was slowed down hy unucruhiu

conditions und by tawering the temperature, The proteclive mechnnisms of (hese vondivions were different. In bath cutes Fp. decreused mare slowly

(han in control photeinhibition. A weversible intlermedinte step wus anly abicrved under unierobic canditions, Thu stite wug insetive far oxygen
‘evolution uad it wis chnruelenved by #n m;rc.lae alF,. :
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1. INTRODUCTION

Photoinhibition is the decrease of photosynthetic ac-
tivity induced by high light intensity. The primary site
of photodamage is the reaction c¢enter of photosystem

- 11 (PSII) (reviewed in [1-3]). The molecular mechanism
of photoinhibition is still controversial, It was proposed
that the first step of photoinhibition may lead to
damage of the Qg [4,5] or Q4 site [6--8]; but the involve-
‘ment of the donor side reactions was also suggested
[9-11]. Inliving cells the repair process leading to reac-
tivation of PSII activity involves de novo synthesis of
thylakoids protein amang which the most prominent is
D: [12].

It is gencrally assumed that the damage oi tlie plioio-
synthetlc apparatus produced in leaves by exposure to

~high light at chilling temperatures is larger than that

observed at higher temperatures (reviewed in [13]). We
have recently demonstrated that low temperature did
not increase photoinhibiticn in Synechocysns 6714 (a

cyanobacterium) or Chlamydomonas . reinhardtii. (a
green alga) cells [14]. On the contrary, it had a protec-
tive effect from high light. The irreversible damage of
the D, protein was slowed down in both species.
However, in Chlamydomonas this damage was preced-

ed by a reversible state, which was inactive _for oxygen ‘
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evolution as characterized by a high level of Fo, The ex- -
istence of reversibly inactivated centers during photoin-
hibition treatments al low temperature could be misin-
terpreted as damaged reaction centers I1 (RCII). In
reality, a large part of the observed inactivation of the
PSil is not linked to any irteversible damage or degra-

- dation of the RCI[ [14).

In this work we show that durmg aerobic phozom- .

" hibition of spinach thylakoids there is no formation of . |

a highly fluorescent reversible state even at low temper- -
ature. Nevertheless, the low temperature protected the
RCII from irreversible photodamage in spinach thyla-
koids as it did in cyanobacteria, However, when chloro-
plasts were exposed to high light under anaerobic condi-
tians, the reversibly inactivated hlgh fluorescence starg
was generated

2 MATERIALS AND METHODS

Spmach lhylakouls were nsokated accordmg to [lS] Photoinhibii- ‘
ory treaiment was performed at 20°C in-a medium containing 50 mM

* Hepes pH 6.8, 5 mM MgCly, 10mM NaCl and 100 mM sorbitcl at a

chiorophyll concentration of 0.15 mg/m! using two Atralux spots of

150 W {zach giving an intensity of about 1000 pE-m~?+s}. Anaero-
biosis was obtained by bubbling argon in the medium for 15 ‘min and
then above the sample for 5 min in a closed glass tube. After the pho-

_-ioinhibitory treaiment the samples were incubated in the ice where

they conserved the same characteristics for more than one hour.
Fluorescence kinetics were performed as in [16). Thermolumine-

scence was measured as deseribed in [17). For B band measurements

the samples were incubated 2 min in the dark, then a flash was glven
at — 8°C and the sample was rapidly frozen. For the detection of the
Q band, DCMU was added after dark adaptation and the flash was
given at = 20°C, All fluorescence and thcrmolummescence measure- -

. ments werg donc in aerobic cuvertes.
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3, RESULTS
Recently, it was shown that Oxygen evolution in spin-
ach thylakoids was less sensitive to photoinhibition at .

 low temperatures [18], Here we confirmed by fluores-
‘cence measurements that low temperature protects the

RCI1 from damage in spinach thylakoids. In addition, '

we demonstrated that in chloroplasts the decrease of

PSII activity (which is concomitant with the decrease of

F,/Fua,) at any temperature was correlated with a de-
- crease of Fnay Whereas F, remained constant (Fig. 1).
The rate of Fyu, decrease slowed down when lowering
the temperature (Fig. 1). Similar phenomenons were.
observed in cyanobacteria [14,17]. We did not observe
any reversible state like that detected at low 1empera-
ture in Chlamydomonas cells.

T. Hundall et al. {19] observed a reversible photoin-
‘hibition of spinach thylakoids in anaerobic conditions.

We wanted to compare this phenomenon to that we |

observed in Chlamydomonas cells at low temperature
[14]. When isolated spinach thylakoids were photoin-
“hibited in anaerobic conditions, the decrease of Fu/Frax

Chl. Fluorescence (rel. umts) '

0 10 28 30 40 5O
Time (min)

was accelerated (Fig 2B). The fastér inhibition of the
PSII activity was due to a large increase of &, in anaero-
bic conditions (Fig. 2A). In contrast, the decreass of
Fmax was slower under anaerobic than under acrobic
conditions (7ig. 2A), The high fluorescent state was not
stable at 1anm temperature. The high level of F, disap-
peared after 1 hincubation of the sample in the dark at
room température (Fig. 2A), The Fo decay was concam-
itant with an increase of the FV/F.M. ratio (PSII activity)
(Fig. 2B).

Charge recombination gwcs rise to 1hermolum1
nescence which enables the detection and quantitation
of the S2Qi (B band) and S:Q4 (Q band) states and

- measurement of. their stability during photoinhibition
[20]. Fig. 3 shows the B band of samples photoinhibited
. under anaerobic conditions compared to that of control

thyiakoids. The B band was not shifted, It decrease

with the same kinetic as that of F,/Fn.x decrease, This.
photoinduced decrease of the thermoluminescence
band was reversible (Fig. 3, inset). The Q band was not
shifted and its amplitude also decreased during photo-
inhibition (data not shown). By these measurements it is
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Fig. 2. Effect of anaerobiosis on Faax (closed symbols). Fs (open symbols) (A) and on Fo/Fnn (B) during photolnhlbitlon The measurements were
done about 10 min after photainhibitory treatment under aerobic { —0o )oranaerobic conditions ( &—=A) and also after ong hour of dark incuba-
‘ tion at room temperature of the photomhlbned samples under anaerabic conditions lO—O)
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Fm 3, The B band of thermoluminescence in the conirel sample
A== =) and in photoiphibited samples under anacrobiosis for 2¢
{=-w=)and IO min{ *- * ), tnier: decrease of the areas of the B band
during photoinhibitory treatment and their following increase after

about one hour ol dark {ncubalion at room remperature of the same -

ples phetoinhibited 20 min {(8——Q) and 30 min {®—a) under an-
nerobie conditions.

‘demo‘nst‘ra‘ted that the Qg site was not modified in the

. active centers. The centers with a high level of Fo were

not detected by thermoluminescence, ‘

The anaerobiosis was created by argon bubbling in
the sample. This treatment may produce a bicarbonate
depletion. In order to differentiate the effect of anacro-
biosis from that of depletion of bicarbonate. we pho-
toinhibited the sample in the prescnce of bicarbonate
‘(which was added after argon bubbling) or in an oxygen
enriched atmosphere after argon bubbling, The results
are described in Fig, 4. We observed an increase of £,
level only in anaerobic conditions plus or minus
bicarbonate. It was ¢lear that the reversible state was
produced by the anaerobiosis and not by the depletion
of bicarbonate.
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Fig. 4. Changes in Fo during photoinhibition in aerobic conditions
(C—0Q); anaercbic conditions (B—-0); anaerobic conditions in the

presence of bicarbonate (o——o); anaerobiosis and then oxygen at-

mosphere during. photoinhibition (H)
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4. DISCUSSION

It has been shawn that the protection from an irrever.
sible photodnmagc of the CRI! by low temperature o¢-
curs in all che organisms which perform the oxygenic
phorosynthesis: eyanobacieria [14], green algae {14]

-and higher plants (18] and this articie), Thix protection
-was characterized by a slower decrease of Fua,. Low

temperature may protect the reaction cenler by slowing

down the rate of the chemncal reactions resultingin D, .

damage,
In anacrobic conditions the rare of irreversible dnm-
age In spinach thylakoids was also slawed down. It was

- preceded by @ high Muorescent state, This state eorres-

ponded to closed centers inactive in oxygen evolition.

- The closed centers can be rapidly reactivated without

replacement of the D, protein. The existence of the
reversible inactive state may explain the general obser-
vation of a faster photoinhibitory effect under anaero-

-biosis (7,21,22]. Recently, Sundby [23] has proposed

that a faster inhibition of oxygen evolution is produced

by the absence of bicarbonate, rather than by the

absence of oxygen. 'We did not observe a clear differ-
ence between the rates of Fo/Fuus decrease under an-
acrobic conditions in the presence or absence of bicar-
bonate (data not shown), but we have detected the high

. fluorescent state under these two conditions.

The increase of F, was also observed during photoin-

_ hibition at low temperatures of Chlemydomonas cells
(14]) and higher plant leaves [24]. We have previously

demonstrated that the high level of F, characterized 2
reversible state which is due to modified closed centers
in which the reduced primary acceptor (Qa) is less ac-
cessible to reoxidation. The reversible states which ap-
peared in Chlamydontonas cells at low temperature and

in spinach thylakoids under anaerobiosis seem to have
_the same characteristics.

The reversible staie detected by Hundall et al, [19)

~ and by us seems to be different from that described by

Ohad et al. [25] which is characterized by a shift of the
B band of thermoluminescence to lower temperatures.
Under anaerobic conditions, we observed only a de-
crease of the B band, which was reversible but‘ we have

not detected any shift of the peak. ‘

A fast and a slow phase of photoinhibition were de- L

fined by Setlik et al. [26]. The characteristics of the fast .
phase, where D, is not degraded [27], may relate with-
those of the reversible state described here. We think
that the fast phase may. represent formation of a state
which is relatively insensitive to damage by high light

* rather than increased effect of photoinhibition. In the

presence of Q4 the radical pair Pgs¢” ~-Phed recombines
in a few nanoseconds. This prevents the formation of

. long-lived strongly oxidizing componems which may:

damage the D, protein. At the same time, in the closed
ceriters the occupancy of the site Qg by Qs is reduced.
This situation was also proposed to protect the reaction

-¢enter 11 from degradation.
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Wc havc clenrly demanstrated that [cw tempvermurc

and anaerobiosis o not inerease the effect of photoin-

hibltion. They protect the reastion center 11 frem pho-
todamage by twe cl_lsti'mt mechanisms, ‘
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