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The flash patterns o f  oxygen evolution  after pre-illum ination by continuous light or by a 
flash sequence were com pared in etiochloroplasts and m ature chloroplasts o f  barley. In both  
types o f  plastids sub-saturating continuous illum ination o f  som e seconds strongly affected the 
S3 but not the S2 state o f  the oxygen-evolving com plex. This result is ascribed to efficient 
charge recom bination o f  S3 with the acceptor side o f  photosystem  II, favoured by partial re­
duction  o f  the plastoquinone pool. The increase o f  S3 observed in the presence o f  dichloro- 
phenolindophenol in etiochloroplasts confirm s this interpretation. These observations  
strengthen the recent hypothesis o f  a conform ational change during the transition from S2 to 
S3 recently proposed to interpret the different susceptibility o f  these tw o states to hydroxyl- 
am ine and hydrazine (F. Frank and G. H. Schm id, Biochim . Biophys. A cta  977, 2 1 5 -2 1 8
(1989); J. M essinger, U . W acker, and G. Renger, Biochem istry 30, 7 8 5 2 -7 8 6 2  (1991)).

Introduction
W ater oxidation by photosynthetic organisms in­

volves the stepwise accumulation of four oxidizing 
equivalents at the donor side of photosystem II, 
followed by the oxidation of two water molecules 
and the release of molecular oxygen. It is widely 
accepted that the accumulation of positive charges 
takes place through oxidation of a cluster of m an­
ganese atoms close to the PS II reaction center, but 
the molecular mechanism of water oxidation in re­
lation to manganese oxidation states is unknown 
[1, 2], The reaction is formally described in terms 
of light induced transitions of successive oxidation 
states o f a water-oxidizing complex or Sn states 
(the M n cluster), where n is the number of positive 
charges [3, 4]. This mechanism can be experimen­
tally investigated by measuring the oxygen prod­
uced by dark-adapted chloroplasts under short

Abbreviations: D PIP, 2,6-dichlorophenol indophenol; 
H epes, 4-(2-hydroxyethyl)-l-p iperazineethane sulfonic  
acid; Q A , QB, the primary and the secondary quinone  
acceptors o f  photosystem  II.
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light flashes, each of which generates a transition 
from Sn to Sn + Since Sj is formed in darkness and 
is therefore predominant in dark-adapted chloro­
plasts [3], oxygen is released after the third flash. A 
maximum in the flash-induced oxygen production 
is then found every four flashes.

Reductants like N H 2OH or N H 2N H 2 have the 
general property to reduce the higher Sn states to 
S0 and to a formal S_, [5]. Using etiochloroplasts 
which have more stable S3 than mature chloro­
plasts [6], we showed in a previous paper [7] that S2 
exhibits a peculiar sensitivity to N H 2OH when 
compared to S2 and S3. This was confirmed by 
Messinger and Renger [8] and Messinger et al. [9] 
who extended this type of investigation to mature 
chloroplasts and found the same result using either 
N H 2OH or N H 2N H 2. The higher susceptibility of
S2, or the relative insensitivity of S3, towards these 
reductants could indicate that a structural change 
takes place during the transition from S2 to S3 [9].

In the absence of exogenous reductants, S2 and 
S3 are spontaneously reduced to S2 and S,. This 
process, known as deactivation, involves the re­
duction of S2 and S3 by endogenous reductants in 
PS II. Thermoluminescence experiments have 
shown that S2 and S3 deactivate through charge re­
combination with reduced QB (the exchangeable
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plastoquinone in the PS II reaction center) after 
flash illumination [10, 11]. The long lifetimes of S2 
and S3 observed in isolated PS II particles supplied 
with an exogenous electron acceptor has con­
firmed the role of the PS II reducing side in deacti­
vation processes [12]. The Tyr-160 electron donor 
of the D 2-peptide of PS II may also be involved in
S2 and S3 reduction [13, 14] as well as another un­
identified reductant [15].

Having in mind a plausible structural change 
during the S2—>S3 transition, we have investigated 
the effect of the reduction level of the plastoqui­
none pool on the deactivation of S2 and S3. For 
this purpose the modifications of the Sn popula­
tion induced by continuous illumination with or 
without PS II electron acceptors were studied in 
etiochloroplasts and in mature barley.

Materials and Methods

Etiolated barley seedlings (Hordeum vulgare var. 
Avilion) were grown in darkness at 23 °C on ver- 
miculite and tap water during 6 days. They were 
then illuminated by white light (800 lux) during
3 h. Plastid isolation was performed according to
[6], but without serum-albumine in the medium. 
For isolation of chloroplasts from mature leaves, 
the same method was applied to barley grown in a 
greenhouse during 14 days.

Oxygen measurements were performed by po- 
larography using the three-electrode system de­
scribed by Schmid and Thibault [16]. The assay 
suspension contained undisrupted plastids in 
25 x 10~3 m Hepes buffer (pH 7.5) with 0.4 m su­
crose, 5 x 10“3 m MgCl2 and 15 x IO“2 m KC1. The 
total chlorophyll content of the sample (total vol­
ume 0.35 ml) was approx. 40 |ig with etiochloro­
plasts and 60 |ig with mature chloroplasts. Flash 
sequences at 3.3 Hz frequency were used. Calcula­
tions of oxygen production at flash N (YN) were 
made with a home-made computer program. Con­
tinuous white light (165 |i E x  m “2 x s“1) was pro­
vided by a projector. Red light (30 (i E x m~2 x s“1) 
was obtained using a cut-off red filter transmitting 
light above 640 nm.

Results
Etiochloroplasts isolated from etiolated leaves 

after a 3 h greening period showed the well-known 
oscillation of flash-induced oxygen evolution with

a maximum under the third flash in the dark- 
adapted state (Fig. 1A, sequence 1). In these ex­
periments, Yn stands for the normalized oxygen 
production at flash N.

At this early stage of chloroplast development, 
the lifetime of S3 was longer than in mature chloro­
plast [6]. This resulted in high oxygen yields under 
the first flash (Y,) when short dark-adaptation 
times were used. The flash pattern obtained 30 s 
after a pre-illumination sequence of 15 flashes is 
shown in Fig. 1 A, sequence 2. It showed only 
weak variations from one flash to another. In that 
case an almost equipartition of the S-states was 
observed. This is in sharp contrast with the situa­
tion encountered 30 s after a 10 s continuous illu­
mination by red light. When a sequence was re­
corded after this pre-treatment, the YN oscillations 
were partly recovered (Fig. 1 B, sequence 1). Y, 
was much lower 30 s after 10 s of continuous red 
light than 30 s after a flash sequence. A much 
smaller decrease of Y2 was found. This result 
points to a particular effect of continuous light, 
when compared to flashes, on the deactivation 
rates of the higher S-states, especially S3. The con­
comittant increase of the oxygen yield under the

Flash  num ber N

Fig. 1. Y n sequences o f  etiochloroplasts in the dark- 
adapted state (A , 1), 30 s after 10 s continuous red light 
(B, 1) and in subsequent flash sequences given every 30 s 
(B, 2 and B, 3). The intensity o f  the continuous red light 
w as 30 jj. E x m“2 x s_I. The Y N values have been norm al­
ized on the steady-state oxygen evolution (Y ss) m eas­
ured as the average Y N at flashes 12 to 15. A ctual Y ss 
values are indicated with Y ss arbitrarily set to 1.00 for 
the dark-adapted sample.
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Fig. 2. Y n sequences o f  mature chloroplasts in the dark- 
adapted state ( 1), 10 s after a first 15 flash sequence (2) 
and 10 s after 3 s o f  continuous red light (3).

third flash (Y3) shows that S3 deactivates to S, un­
der these circumstances.

If successive trains of flashes were given 30 s 
after the 10 s pre-illumination by continuous light, 
the Yn were progressively modified to approach 
the control sequences recorded 30 s after a first 
flash sequence in a dark-adapted sample. This is 
seen by comparing sequences 1 to 3 of Fig. 1 B, 
where it is again evident that the main effect lies on
S3, as shown by the progressive restoration of Y,.

Results similar to those described above were 
obtained when using chloroplasts of mature green 
leaves instead of etiochloroplasts. In that case 
however, a shorter dark period was used since the 
deactivation of S3 after flashes is more rapid than 
in etiochloroplasts. An example is shown in Fig. 2, 
with continuous red light pre-illumination of 3 s 
and a dark period of 10 s. Again, when compared 
to flashes, continuous light induced a marked de­
crease of Y, (S3), together with an increase of Y3 
(S,). The progressive reversal of this effect upon 
further flash sequences was also found (not 
shown).

Since illumination of isolated plastids by contin­
uous light should lead to a more rapid reduction of 
the plastoquinone pool than flash illumination, we 
attributed the rapid deactivation of S3 to a charge 
recombination between S3 and QB2-, favoured by 
the larger extent of reduction of the plastoquinone

pool. In order to verify this hypothesis, we used 
various PS II electron acceptors and attempted to 
measure their effect on oxygen flash sequences in 
pre-illuminated chloroplasts or etiochloroplasts. 
Using chloroplasts we found that FeCN, /?-ben- 
zoquinone and DPIP, even at low concentrations, 
induced an oxygen uptake under the flashes which 
were superimposed on oxygen evolution, and 
made YN calculations difficult [6]. In etiochloro­
plasts however, low concentrations of DPIP (15 to 
25 x 10“6m) induced only a weak oxygen uptake 
when the same red light pre-illumination as above 
was used.

Fig. 3 A shows the effect of 25 x 10~6 m DPIP, 
added to dark-adapted etiochloroplasts, on the 
oxygen flash pattern measured 20 s after a 10 s 
pulse of continuous red light. A significant (~  40%) 
enhancement effect on Yj was observed, whereas 
Y2 was practically unchanged. The increase of Y, 
had its counterpart in a decrease of Y3 and, to a 
lesser extent, of Y4. This effect of DPIP confirms 
that the accelerated deactivation of S3 upon contin­
uous illumination is due to a preferential charge re­
combination of this state with the reducing side of 
PS II. Taking into account 10% of misses under 
flashes (which gave good fits with experimental se­
quences) we calculated the initial Sn distributions 
corresponding to the sequences of Fig. 3 A. The
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Fig. 3. Y n sequence o f  etiochloroplasts measured  
20 s after 10 s red (A ) or w hite (B) light o f  30 and  
165 (a E x  m -2 x s_l respectively, w ithout (1) or with (2)
25 x 10~6 m  D PIP . The first flash signals are show n in the 
upper part o f  the figure.
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difference between the two calculated distributions 
(DPIP minus control) is shown in Fig. 4. The in­
crease of S, at the expense of S3 induced by DPIP 
reflects the effect of the electron acceptor on the 
deactivation of S3.

In order to evaluate the extent of saturation 
achieved during red light pre-illumination, we re­
corded the oxygen evolution under a series of 15 
flashes given during the pre-illumination itself. 
The amplitude of flash-induced oxygen produc­
tion under such circumstances reflects the amount 
of S3 with oxydized QA. Under the red light used 
in the above experiments, an almost constant 
production was found at each flash (Fig. 5, trace 
A). It represented 30% of the steady-adapted sam­
ple. Almost complete saturation could be achieved 
by removing the red filter between sample and 
light source, as shown by the practically undetect­
able flash-induced oxygen production under white 
light in Fig. 5, trace B. When a flash sequence was 
recorded 30 s after a 10 s pre-illumination by sat­
urating white light, very low levels of S3 were 
found even in the presence of 25 x 10-6 m  DPIP 
(Fig. 3 B). It must be noted however, that saturat­
ing white light enhanced the oxygen uptake under 
the first flash with DPIP (see first flash recordings 
in Fig. 3 B). This uptake evidently caused an un­
derestimation of Y,.

Fig. 4. Calculated difference in the S-state distribution  
20 s after a 10 s red light pre-illum ination with or w ith­
out 25 * 10~6 M D PIP (D P IP  m inus control).

Fig. 5. Polarographie recordings o f  oxygen evolu tion  
during illum ination o f  etiochloroplasts by red (A ) or 
white (B) light o f  30 and 165 n E x m ~2 x s'1 respectively. 
A  sequence o f  15 flashes was given at tim e 10 s.

The effect of continuous illumination on the 
deactivation of S3 in etiochloroplasts was con­
firmed by comparing deactivation kinetics after a 
flash sequence and after 10 s red light pre-illumi­
nation (Fig. 6). The acceleration of the deactiva­
tion of S3 after continuous illumination is evident.

Time in darkness (s)
Fig. 6 . D eactivation o f  the S-states in etiochloroplasts 
m easured as the Y N oxygen flash yields (N  = flash num ­
ber) in a flash sequence given at increasing time in dark­
ness after pre-illum ination by 10 s continuous red light 
(closed sym bols, c) or by a sequence o f  25 flashes (open  
sym bols, 0  after dark-adaptation. Y N values were nor­
m alized on the steady-state flash yield ( = 1).
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Correspondingly, faster formations of Sj (Y3) and, 
especially at short times after illumination, o f S0 
(Y4) are found.

Discussion

In whole plastids, illumination by a small num ­
ber of saturating flashes leads only to limited re­
duction of the plastoquinone pool as shown by the 
high steady-state oxygen evolution under flashes. 
The oxidation of plastoquinol competes effectively 
with single electron reactions at each flash. How­
ever, a high extent of plastoquinone reduction can 
be achieved within a few s under continuous illu­
m ination of sufficient intensity if no electron 
acceptor is added [17]. Under this condition the 
cycling of the Sn states is progressively impaired by 
the lack of reducible acceptors in PS II and charge 
recombination with reduced acceptors (QA and 
QB) is favoured. The probability to reach the 
higher Sn during illumination therefore decreases, 
especially when approaching saturation.

Our main observation is that the deactivation of
S3 is greatly accelerated by pre-illumination in con­
tinuous light wereas S2 is only weakly affected. 
This is demonstrated by the much lower Y x signal 
obtained after continuous pre-illumination when 
compared to that after a series o f flashes both in 
etiochloroplasts and in mature chloroplasts, and 
by the relative stability of Y2 under the same con­
ditions. That this effect is due to the reduction of 
the plastoquinone pool is demonstrated, at least in 
the case of etiochloroplasts, by its sensitivity to 
DPIP which partly restores Y ( but does not m odi­
fy Y2. The decrease of S3 after continuous pre-illu­
m ination can be therefore interpreted as a result of 
its recombination with reduced electron acceptors 
o f the PS II reaction center (namely reduced QA 
and/or QB). The complementary behaviour o f S, 
observed in all cases directly suggests recombina­
tion of the charge pair S3/QB2_.

The observed relative stability of S2 suggests a 
relative insensitivity to the reduction status o f the 
plastoquinone pool. This is in apparent contradic­
tion to an earlier report by Sundblad et al. [18] 
who observed that in protoplasts both S2 and S3 
rapidly deactivate after saturating white light pre­
illumination unless it is followed by far-red light 
illumination. Most probably this discerpency is 
due to the much higher intensity and the longer

duration of the pre-illumination used by these 
authors. An extensive study of S2 and S3 deactiva­
tion as a function of pre-illumination intensity and 
duration is certainly needed in order to appreciate 
in more detail the behaviour of these two states in 
response to various extents of reduction of the 
plastoquinone pool. The deactivation pattern ob­
tained after partial reduction of the plastoquinone 
pool in this study does not support a trivial expla­
nation of the relative constancy of S2 after continu­
ous pre-illumination due to deactivation of S3 to S, 
via S2, since the deactivation of S2 is only weakly 
affected over the entire period covering S3 deacti­
vation.

Our results show in any case a striking differ­
ence in the stability of S2 and S3 under pre-illumi- 
nation conditions which induce partial or almost 
complete reduction o f the plastoquinone pool (as 
shown by measurement of the additional flash- 
induced oxygen production during pre-illumina- 
tion). The stability o f S2 found here after pre-illu- 
mination of moderate intensity is in agreement 
with earlier observations of the prevalence of S2 
during prolonged illumination by short flashes [15] 
or by sub-saturating continuous light [19] and also 
with the independence of S2 deactivation towards 
the states I or II of the excitation energy distribu­
tion between the two photosystems in Chlorella 
[20]. An accumulation of S2 during continuous 
illumination would also be favoured by an espe­
cially low probability o f the S2-^-S3 transition such 
as suggested by Delrieu [21].

Considering the recent finding [7-9] of a much 
greater susceptibility o f S2 to exogenous redox- 
active compounds when compared to S3, the in­
verse order of susceptibility to endogenous reduc- 
tants (probably QB2-) found here suggests that if a 
conformational change takes place during the 
transition from S2 to S3 it modifies in an opposite 
way the probability of reduction of the Sn by exo­
genous or endogenous reductants.

Considering the pronounced influence of plasto­
quinone on S3 deactivation shown here, the grad­
ual shortening of the S3 lifetime in the course of 
greening [6] may be explained by a progressive de­
crease in the plastoquinone/chlorophyll ratio. 
Such a decrease most probably occurs during the 
first hours of greening since plastoquinone already 
exists in dark-grown plastids and slowly increases 
with illumination [22] whereas Chi is initially ab-
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sent and rapidly accumulates during the first hours 
of greening.
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