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1. Introduction 

The photosynthetic water cleavage into metaboli- 
cally-bound hydrogen and molecular oxygen is initiated 
by the photochemical generation of sufficiently 
strong oxidizing equivalents within the reaction 
centers of system II. The primary reactions were 
shown to be accompanied by reversible photobleach- 
ing of a special chlorophyll~z complex, designated as 
chlorophyll-all (Chl-all) [ 1,2]. The bleaching has 
been ascribed to the photooxidation of Chl-ali, 
whereas the recovery was assumed to reflect its sub- 
sequent dark reactions with secondary donors [3,4]. 
The reduction kinetics appears to be complex, with 
two clearly resolved components characterized by 
half-lives of 35/as and 200 ~ [1-4].  Different lines 
of indirect evidence have led to the suggestion, that 
there exists even faster kinetics within the reduction 
pathway of Chl-a~i, which are of the order of <~1 
[5-7].  Furthermore, the fast kinetics were inferred 
to appear only if the water-splitting enzyme system Y 
remains functionally intact [6,7]. The extent of this 
fast reduction is probably dependent on the charge 
accumulation state of system Y [6] and of the pH of 
the inner thylakoid space [8]. However, up to now 
there is no direct proof for the existence of the fast 
reduction kinetics of Chl-a~i. This paper provides 
measurements of highly-resolved absorption changes 
in the red region of Chl-ali, which clearly demonstrate 
a fast/as recovery of photobleached Chl-a~l. As this 
reaction takes place only if the water-splitting enzyme 
system Y is operative, its appearance reflects the 

existence of an electron donor component, intimately 
connected with Chl-ali and system Y, whose reactivity 
is drastically changed by the destruction of Y. 

2. Materials and methods 

Normal and Tris-washed chloroplasts were prepared 
from market spinach as in [9] and [10], respectively, 
as described in [11]. The reaction mixture contained: 
chloroplasts (5 tam chlorophyll), 0.3 mM Ks [Fe(CN)d, 
10 mM KC1, 2 mM MgC12 and 20 mM N-tris(hydroxy- 
methyl)methylglycine (tricine)-NaOH at pH 7.5 or 
20 mM morpholinoethanesulfonate (MES)-NaOH 
at pH 6.0. The assay conditions for the oxygen 
measurements were the same except for a 10-fold 
higher chlorophyll concentration. 

The absorption changes were recorded by a 
repetitive flash photometer modified by the applica- 
tion of 14 MHz.modulated detecting light [12] in 
order to eliminate fluorescence artefacts due to the 
actinic flashes. In order to improve the signal/noise 
ratio 8192 signals were averaged per measurement in 
a Biomation type 8100 and NIC LAB 80, but the 
sample was changed after each 1024 flashes. 

Photosynthesis was excited with ultra-short flashes 
(PEK XE 9-3) of a duration of !/as at a repetition 
rate of 2 Hz. The flash light passed a Schott filter 
BG 23/5. The optical pathlength was 20 ram, the 
intensity of the monitoring light < 30/aW/cm 2, 
optical bandwidth 10 nm. In order to eliminate fast 
kinetics due to the photosystem I turnover [13] far- 
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red background illumination (X = 722 nm, A~ = 15 nm) 
has been applied with an intensity of 290 #W/cm z. 
Oxygen measurements were performed as in [14]. 

3. Results 

The time course of the AA 69o in isolated spinach 
chloroplasts at pH 7.5 is shown in fig.l, top. Despite 
the elimination of the Chl-a I recovery in the gs-range 
by far-red illumination the absorption changes still 
contain a small Chl-a I contribution with a half-life 
of about 20 ms, which appears as a constant bleaching 
on the 100 #s time scale. Accordingly, for a kinetic 
analysis this contribution has to be subtracted. It 
amounts about 15% in normal chloroplasts under 
saturating flash excitation. If one supposes that for 
non-saturating flashes nearly the same pattern arises, 
the contribution indicated by the broken line in fig.l, 
top, is obtained. The signals corrected for the Chl-a I 
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Fig.1. AA6~ as a function of time in isolated spinach chloro- 
plasts at pH 7.5. At t 0 a short non-saturating flash was fired. 
Top: linear plot. Bottom: Semilogarithmic pint of the 
absorption change (corrected for the contribution due to 
Chl-ai) involving the separation of different kinetics. 

effect is depicted as a semilogarithmic plot in fig.l, 
bottom. It is dearly seen that in normal cldoroplasts 
the recovery of Chl-ali is characterized by triphasic 
kinetics. As in normal ctdoroplasts the 200 ~ phase 
has a comparatively small amplitude and because of 
the limited accuracy of the measurements an exact 
separation is impossible. Therefore, these kinetics are 
indicated by a broken line. The remaining part, 
however, cannot be described simply by a single 
exponential decay, but it is rather seen to contain 2 
different kinetics. The slower phase corresponds with 
the 35/~s kinetics [3,4,6,8]. Additionally, an as yet 
unknown, even faster, phase is clearly resolved with 
a half life of less than 5 gs. We tentatively assign this 
rapid decay to the 1/~s kinetics theoretically derived 
on the basis of earlier measurements [5-8].  It must 
be emphasized that in a series of measurements the 
half.life of the fast kinetics slightly varied in the range 
2 -4  #s. However, despite these deviations, in all 
experiments with normal chloroplasts the rapid tas 
decay was found. Similar results were obtained at 
pH 6.0, but the extent of the 35 gs kinetics is greater 
than that at pH 7.5. These data are in qualitative 
correspondence with [8]. 

In order to show that the very fast ~ kinetics 
(vide supra) reflects the Chl-aii turnover, the dif- 
ference spectrum has been measured for the red region 
in the range of 670-710 nm. The experimental data 
depicted in fig.2 show that the difference spectrum in 
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Fig.2. Transient difference spectrum of the very fast/~s- 
kinetics (symbolized as 3/~s-eomponent) induced by short 
non-saturating flashes in isolated spinach chloroplasts. The 
spectrum is normalized to the amplitude obtained at 690 nm. 
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Fig.3. 6A6~ as a function of time in normal, Tris-washed and hydroxylamine-treated chloroplasts, normalized to the amplitude 
of Nil 2 OH-treated chloroplasts. 

the red of the very fast/as kinetics (designated as 3/as 
component) has a pronounced peak around 690 nm. 
The spectrum closely resembles that in [3] for the 
sum of the 35/as and 200/as kinetics, respectively. 
Therefore, the very fast/as kinetics belong most 
probably to the same species, i.e., the photooxidized 
Chl-a*ii becoming reduced by secondary electron donors. 
The rapid kinetics of Chl-a*li reduction have been 
claimed to be intimately related to the functional integ- 
rity of the water-splitting enzyme system Y [5,6,15]. 
Therefore, the very fast/as-recovery kinetics are antici- 
pated to disappear in mistreated chloroplasts, which are 
unable to evolve oxygen, but remain intact with respect 
to the primary charge separation at photosystem II. 
Chloroplasts of this type are obtainable by several 
treatments, such as Tris-washing [ 10,16 ] or incubation 
with hydroxylamine (NH2OH) [5,17,18]. In fig.3 the 
AA 69o in Tris-washed and hydroxylamine-treated 
chloroplasts are compared with that of normal chloro- 
plasts. It is clearly demonstrated that after the de- 
struction of the water-splitting enzyme system Y by 
Tris.washing or incubation with 10 mM NH2OH the 
very fast/as kinetics are not observable, whereas at 
NH2OH concentrations (10/aM) not sufficiently high 
for the damage of system Y [19] confirmed by O2 
measurements this rapid reaction still occurs (data not 
shown). These results indicate, that the very fast/as 
kinetics are closely related to the functional connec- 
tion between Chl-all and the intact system Y. In 
chloroplasts treated with high NH2OH concentrations 
the amplitude of the zL469o is nearly doubled. If one 

accepts that NH2OH does not seriously change the 
saturation curve or the optical properties of Chl~ii, 
the amplitude increase might be explained by the 
assumption of further even much faster kinetics 
existing in normal chloroplasts (vide infra), which is 
slowed down by NH2OH. However, as NH2OH is able 
to act as a donor for system I too, no unambigious 
conclusion can be drawn. 

4. Discussion 

The results presented in this paper conFtrm earlier 
theoretical suggestions, that in intact chloroplasts there 
exists under steady state excitation conditions a rapid 
reduction of photooxidized Chl-a~l, much faster than 
the previously described kinetics with half lives of 
35 #s [3,4,6,8] and 200/as [1,2], respectively. The 
half life of the very fast reduction kinetics has been 
found to vary from 2-5/as. This time is slightly 
greater than that proposed earlier theoretically on the 
basis of indirect evidence. It must be emphasized that 
due to the limited accuracy of the measurements only 
a rough estimation can be made. However, a theoreti- 
cal analysis (H.-J. E. and G. R., unpublished) leads to 
the conclusion that the half life of the very fast 
recovery kinetics of Chl-ali described here cannot be 
significantly shorter than 1/as. On the other hand, we 
cannot exclude the existence of additional faster 
recovery kinetics in the ns range, which would escape 
our detection. A first hint for the existence of a much 
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faster sub-#s reaction in photosystem II is the dis- 
eovery of the 25 ns fluorescence increase after excita- 
tion of dark-adapted algae with a 2 ns laser flash [20]. 
However, it is very important to stress that the 25 ns 
kinetics do not occur in algae pre-illuminated with 
single turnover flashes. Accordingly, the 25 ns rise 
was ascribed to a singular priming reaction at photo- 
system II in the completely dark-adapted state. 
Furthermore, the emission increment due to the 25 ns 
rise is structureless in the range 640-720 nm lacking 
the typical red peak around 685 nm of chlorophyU~z 
fluorescence. 

After completion of this study we became aware 
of the data [21 ], where a 30 ns relaxation phase of 
the laser flash-induced Z~4s20 was found, which is 
supposed to be due to ChLa~I. Unfortunately, the 
measurements were performed with dark-adapted 
chloroplasts only, so that the physiological role under 
natural illumination conditions beyond a priming 
reaction remains obscure. 

The measurements of the present study were made 
under flash excitation conditions assuring the normal 
steady state of activation of the water-splitting enzyme 
system Y. Furthermore, in order to avoid any interfer- 
ence with double hit effects [6,22] the chloroplasts 
were excited with non-saturating flashes simultaneously 
excluding carotenoid triplet formation [23 ] (vide infra). 
The present data lead to the co~clusion, that under 
normal environmental illumination conditions C h l ~  
becomes reduced by at least a triphasic kinetic pattern, 
with half-lives o f~5  ~ ,  3 5 Was and 200 ~s, respectively. 
A comparison with the data found in NH2OH-treated 
chloroplasts might suggest the existence of  an even 
much faster phase, whose appearance and functional 
role under normal illumination conditions still remains 
unresolved. At pH 7.5 the overall reduction very 
likely occurs predominantly via very fast kinetics, in 
agreement with recent conclusions [8,15]. The details 

÷ 

of Chl~ii reduction pattern as a function of  the 
physiological conditions (internal pH, charge accu- 
mulation state of system Y [6,8] ) remain to be clari. 
fled. It should be mentioned that 3 ~ kinetics have 
been detected also in pre-illuminated samples for the 
fluorescence rise [5,20]. However as the 3/as rise 
might be caused by Chl-a~i reduction as well as by the 
decay of another quencher (probably a carotenoid 
triplet) produced by the flashes, no unequivocal con- 
clusions can be drawn on the basis of  these data. 

The very fast/.ts kinetics of the Cld-alI recovery 
was shown to disapper after the destruction of the 
water-splitting enzyme system Y(fig.3). As the reversal 
of Chl-a~i bleaching is ascribed to the reduction of  

h . • ÷ p otooxtdized Chl.ali , the present results indicate that 
an electron donor DI responsible for the rapid reduction 
kinetics becomes functionally blocked by the degrada- 
tion of system Y. For the substantiation of DI as well 
as for the mechanism of its modifcation further 
investigations are required. 
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