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The 690 nm absorption change reflecting the turnover of the system-II-reaction center chloro
phyll, Chl-an (often referred to as P 680), has been investigated under different experimental con
ditions in spinach chloroplasts. A comparison was made with oxygen evolution and with absorption
changes of Chl-ai measured at 703 nm, both indicating the number of electrons produced by
system II. It was found:
1. The dependency on actinic flash intensity of the initial amplitudes of the measured 690 nm ab
sorption change, A A 0 (Chl-an), markedly differs for normal and for Tris-washed chloroplasts,
respectively.
2. The saturation curve of A A 0 (Chl-an) in Tris-washed chloroplasts is similar to that for the
total amplitude of the 703 nm absorption change, A A 0 (Chl-ai), in normal chloroplasts, and can
be described by an exponential function. On the other hand, A A 0 (Chl-an) in normal chloro
plasts exhibits a more complex biphasic dependency and much higher flash intensities are re
quired for saturation.
3. Under repetitive flash group excitation and in the presence of an A D R Y (= acceleration of the
deactivation reactions of the water-splitting enzyme system Y)-reagent the initial amplitude of
the 690 nm absorption change oscillates in the same characteristic pattern as the oxygen evolu
tion.
4. The initial amplitude of the 690 nm absorption change, A A 0 (Chl-an)» in Tris-washed chloro
plasts becomes significantly smaller (more than 50%) by the addition of system-II-electron
donors (benzidine, p-phenylendiamine, tetraphenylboron), whereas the total amplitude of the
703 nm absorption change, Zly40(Chl-ai) increases 3 —4-fold.
In order to explain these results, the existance of a very fast reduction kinetics of Chl-an+ is
postulated, which is not detectable by our measuring equipment. The half time of this reaction
is < 1 /us. Reaction centers with the very fast “undetected” Chl-an+-reduction are photochemically
transformed into slower one by double hit processes with a comparatively low quantum yield.
Furthermore, it is inferred, that the dark recovery kinetics of Chl-an is dependent on the charge
accumulation state of the watersplitting enzyme system Y. This phenomenon is shown to explain
also the oscillation pattern of delayed fluorescence. On the basis of the present results two alter
native reaction schemes for the functional organization of the electron transport on the donor side
of system II are discussed.

Introduction

The reaction center of system II in its active
state, symbolized by Cn *, generates via photo
chemical processes holes of an oxidizing power
strong enough for water cleavage. Since 1967 abRequests for reprints should be sent to Dr. G. Renger,
Max-Volmer-Institut für Physikalische Chemie und Mole
kularbiologie der Technischen Universität Berlin, Straße
des 17. Juni 135, D -1000 B erlin 12.
t Deceased on July 22th, 1975.
* The symbol Cn includes the functional (primary elec
tron donor and acceptor) and structural elements of the
molecular arrangement responsible for the photochemical
charge separation: Cn
CnI , where Cn; characterizes
the charged (photochemically inactive) state (“ —” sym
bolizes the reduced primary acceptor and
the oxi
dized primary donor) of system-II-reaction center and
<e) an exciton generated by light quantum absorption.

sorption changes in the range of 680 —690 nm have
been discovered by Witt and coworkers1-4 which
were inferred to reflect the reversible photobleaching of a special chlorophyll-a belonging to the reac
tion center of system II. Therefore, this component
was designated as chlorophyll-an (Chl-an). It was
found that in short flashes Chl-an is very rapidly
bleached and subsequently recovers in the dark
with a half life time of approx. 200 /us. Recent ex
periments showed the existence of a second faster
component of the regeneration kinetics of Chl-an
with a half life time of 35 us 3. Furthermore, it was
inferred that electronically excited Chl-an acts
within the reaction center of system II as the pri
mary electron donor4t 5. Thus, the bleaching has
been ascribed to a photooxidation of Chl-an,
whereas the recovery was assumed to reflect the
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kinetics of the reduction of Chl-an+ by the inter
mediary electron carriers located between the reac
tion center and the enzyme system responsible for
the wateroxidation4. The destruction of the watersplitting enzyme system Y by various treatments
did not inhibit the functional integrity of Cn itself
even under repetitive excitation conditions6’7.
Hence, it was concluded that either a fast cyclic elec
tron flow around system II or an internal bade
reaction of the order of 100 —200 ,«s is responsible
for the fast photochemical turnover rate of the
reaction centers of system II 7. The internal back
reaction at the centers in the state Cn+ has been
postulated to be the unique mechanism for the
generation of excitons giving rise to delayed fluo
rescence8. It was found, that Tris-washed chloro
plasts exhibit a pronounced delayed fluorescence
emission in the range of 100 — 200 j u s 9 , which sup
ports evidence for the occurance of an internal
back reaction at C ttZ . If one supposes that Tristreatment does not seriously modify the reactivity
of the reaction centers, then the kinetics of the
bade reaction in normal chloroplasts should be also
of the order of 200 jus. However, as the bade reac
tion leads to the dissipation of electrons and holes,
respectively, a 100 —200 jus half time for this
process and a competing 35 jus kinetics for the nondissipative removal of the hole from Chl-an+ are
inconsistent with a quantum yield very close to unity
for system II electron transport10. Furthermore,
Duysens and coworkers n ’ 12 discovered very rapid
components of prompt and delayed fluorescence,
too fast to be explainable by a 35 jus kinetics of
Chl-an+ reduction. In order to resolve these discre
pancies the recovery kinetics of Chl-an was re
investigated by the application of different experi
mental conditions. The obtained results presented
here provide indirect evidence for the existence of a
rapid electron transfer from a one-electron donor
with a halflife time of 5^1 jus. This electron donor
(Dx) functionally connects Chl-an with the watersplitting enzyme system Y.
The existence of a very rapid rereduction in the
dark of Chl-an+ explains the high quantum yield of
photosystem-II-electron transport as well as the fast
components of prompt and delayed fluorescence,
respectively.

M aterials and M ethods

Normal and Tris-washed chloroplasts were pre
pared from market spinach on the basis of the
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methods of Winget et a l . 13 and Yamashita and
B utler14, respectively, as is described in ref. 15.
The reaction mixture for the measurements of
the absorption changes contained: chloroplasts
(5 j u m chlorophyll), 100 j u m benzylviologen, 2 mM
MgCl2 , 2 mM NH4CI and 20 mM N-tris- (hydroxymethyl)methylglycine (Tricine)-NaOH, pH = 7.2.
The reaction mixture for the oxygen measure
ments contained chloroplasts (50 j u m chlorophyll)
and 2 5 0 j u m K3[Fe(CN )6] as electron acceptor in
stead of benzylviologen, other additions as for the
optical measurements.
The absorption changes were recorded by a re
petitive flash photometer similar to that described
in ref. 1 and modified by the use of high frequency
modulated detecting light. This method introduced
by Buchwald 16,17 eliminates fluorescence artefacts
due to the actinic flashes. In some measurements
this artefact was eliminated by a subtraction method
as is reported in ref. 1. In a Fabri-Tek 1072 usually
2048 —16384 signals were averaged per measure
ment but the sample was changed after each 4096
flashes. The electrical bandwidth ot the apparatus
was 30 kHz.
Photosynthesis was excited by ultra short re
petitive flashes18 of a duration of 400 ns except
for Fig. 2 and for the oxygen measurements, where
the flash duration was 20 jus and a frequency of
4 Hz, except for Fig. 3 where other excitation con
ditions were used (s. inside Fig. 3). The flash light
passed a Schott filter BG 23/5. The optical pathlength of the cuvette was 20 mm, the intensity of
the monitoring light 100erg/cm 2s, optical band
width A l = 5 nm, continuous bade ground light
(720 nm, zU = 15nm ) was applied with an inten
sity of about 20 000 erg/cm2-c.
Oxygen measurements were performed as de
scribed in ref. 19.
Results

The time course of the absorption changes at
690 nm in normal and in Tris-washed chloroplasts
is shown in the left side of Fig. 1. In order to avoid
in the ^s-range any contribution of the dilorophyllai (Chl-aj) recovery kinetics chloroplasts were il
luminated with far red badeground light as is de
scribed in ref. 3. For comparison on the right side
the time course of the absorption change at 703 nm
is depicted in a 200-fold larger time scale. It shows
a rather slow pattern, with a zero-line which is
shifted downwards due to the high degree of oxida
tion (approx. 65%) of Chl-aj by far red preillumina
tio n 20.
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Fig. 1. Absorption changes at 690
nm and 703 nm as a function of
time in spinach chloroplasts. At
£= 0 a short flash was fired. Ex
perimental details as described in
Materials and Methods.

The results indicate that the initial amplitude
of the 690 nm absorption change, A A 0 (Chl-an),
which is assumed to reflect the formation of
Chl-aji+ 4, is significantly higher in Tris-washed
chloroplasts compared to normal chloroplasts. On
the other hand, the overall recovery kinetics of
Chl-an in the range of 1 0 —1000 jus is not seriously
modified by the Tris-treatment. The rough in
variance of the detectable overall recovery kinetics
suggests that the 690 nm absorption change reflects
the same phenomenon in normal and in Triswashed chloroplasts, respectively, namely the turn
over of Chl-an •
As Tris-washing cannot be assumed to enhance
the number of system II reaction centers, the in
crease of the initial amplitude A A 0 (Chl-an) of the
690 nm absorption change (s. Fig. 1) must be
explained by other effects. It could be possible that
in normal, but not in Tris-washed chloroplasts, there
exists an even faster recovery kinetics * of Chl-an
which escaped our detection due to the limited time
resolution of the measuring device. Similarly,
normal and Tris-washed chloroplasts, respectively,
could differ in the dependency on actinic flash
intensity of the detected part of Chl-an+ formation.
To clarify these points, first the initial amplitudes
of Chl-an, A A 0(C hl-an) (s. Fig. 1), have been mea* In the present paper this hypothetical component is re
ferred to as “undetected” in contrast to the detected
components A A 0 (Chl-an) which can be measured by our
apparatus.
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Fig. 2. Amplitudes of the absorption changes at 690 nm,
A A q(Chl-an), in normal and in Tris-washed chloroplasts,
and at 703 nm, /l/4 0(Chl-ai), in normal chloroplasts as a
function of actinic flash intensity. The calibration of actinic
flash intensity, I f , into units of excitons per system II reac
tion center, £ (s. Eqn (1 )), is given in the top abscissae
(for details s. tex t). Experimental details as described in
Materials and Methods.

sured in normal and in Tris-washed chloroplasts as
a function of the actinic flash intensity It • The ob
tained results are given in Fig. 2 in comparison
with the total amplitude of Chl-ai, A A 0( Chl-aj) in
normal chloroplasts (s. Fig. 1). Under the applied
experimental conditions the total amplitude of the
703 nm absorption change, A A 0 (Chl-ai), was shown
to indicate the number of electrons produced by
system I I 20. Recent experiments (20 a) revealed
small differences between the total numbers of
Chl-ai and Chl-an, respectively. However, this
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fact will be neglected, because its effect is
within the accuracy limit of our present data.
That means, zM0(Chl-ai) reflects the total
number of the photo-chemical turnovers at the
system-II-reaction centers in normal chloroplasts,
where the dissipation of photoproducts at system II
by cycling reactions is negligibly small (s. ref. 10).
Therefore, the close similarity of the saturation
curves for Zly40(Chl-ai) in normal chloroplasts and
AA„( Chl-an) in Tris-washed chloroplasts indicates
that the photochemical quantum yield for system II
is not changed by Tris-treatment, likewise the de
tected absorption change reflects the total Chl-an+formation. On the other hand the corresponding
saturation curves for A A 0 (Chl-aj) and A A 0 (Chl-an),
respectively, significantly differ in normal chloro
plasts. This discrepancy can be resolved by two as
sumptions: a. There exists in normal chloroplasts a
rapid rereduction reaction of Chl-aII+ giving rise
to a relaxation component of the 690 nm absorption
change too last to r>e aeteciame oy our equipment,
b. The contribution of this hypothetical rapid re
reduction component to the total absorption change
of Chl-an decreases with increasing intensities of
the actinic flashes. This could be achieved by double
hits transforming reaction centers of system II with
an “undetected” fast Chl-an recovery into slower
ones (35 jus and 200 jus kinetics).
For the sake of simplicity the following analysis
is based on a separate unit model for excitation
energy transfer in system II. Each photosynthetic
unit of system II is assumed to contain only one
trap, the reaction center, and no energy transfer
occurs between the units. Furthermore, the photo
chemical quantum yield of the first hit is 1 (in close
agreement with the experimental data, s. ref. 10)
and the quantum yield of a following hit occuring
only at centers with the fast “undetected” Chl-an
recovery is 0 *. Then, if the rapid undetected
kinetics is fast in comparison to the flash duration,
one obtains (s. Appendix) for the dependency on
actinic flash intensity of the “detected” initial
amplitude of Chl-an, A A 0 (Chl-an) :
A A 0 (Chl-an)
[A A o(Chl-an)] 1

( 1)

where Q denotes the average number of excitons,
produced by a flash of intensity / f per photosyn
thetic unit of system II, which are able to reach a
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system-II-reaction center, irrespective of its func
tional state, aA and a2 are the fractions of reaction
centers with a slow and fast recovery, respectively,
of Chl-an after single hit excitation. It must be
emphasized, that Eqn (1) is exactly valid only if
the absorption of the sample is negligibly small.
This is not realized under our experimental condi
tions. However, a suitable calibration method is
available.
As effects of multiple excitations in the ns- and
subnanosecond range (s. ref. 21) can be neglected
under our excitation conditions (flash duration
20 jus, intensity /f low enough) q is a linear func
tion of the actinic flash intensity. In order to trans
form the actinic flash intensity into units of Q the
saturation curve for the total amplitude of the
703 nm absorption change, A A 0( Chl-ai), has been
used. Taking into account the above mentioned as
sumptions (seperate units, quantum yield for the
photochemical charge separation = 1) theoretically
a d im p ic cA.punoiiL±cix v^cix »0

A A 0 (Chl-ai) / \A A 0 (Chl-a^ ] max = 1 - e- «

results. Experimentally also a simple exponential
relationship between A A 0 (Chl-ai) / [ A A 0 (Chl-aj) ] max
and I f , the actinic flash intensity, was found,
so that the calibration can be easily per
formed. As the same excitation conditions are ap
plied also for the measurements at 690 nm, the same
calibration method holds. On the basis of this pro
cedure the experimental data of A A 0 (Chl-an) as a
function of actinic flash intensity for normal chloro
plasts can be described by Eqn (1). The best fit is
obtained for ^ = 0.4, a2 = 0.6 and <£* = 0.17. That
means: a. After single hit excitation about 60% of
all system II reaction centers Cn are characterized
by a fast rereduction of photoinduced Chl-an+ which
is not detectable by our measuring device, whereas
only 40% recover via the slower kinetics of 35 jus
and 200 jus. b. At higher exciton fluxes the trans
formation of reaction centers of system II with a
fast Chl-an recovery kinetics into slower ones takes
place by a second excitation with a quantum yield
of <£* = 0.17.
The fast reduction of Chl-an+ requires the rapid
electron transfer from a natural electron donor (re
ferred to as DA) located in the pathway between
Chl-an and the watersplitting enzyme system Y (s.
Discussion, Fig. 5). The half time of this electron
transfer is estimated to be 5^1 jus. As this kinetics
is very rapid in comparison to the 35 jus and 200 jus
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reactions, the slower components can only appear
when the fast ( ^ 1 jus) reaction between Chl-an+
and the donor Dt is blocked. This would be caused
either by changes which modify the functional con
nection Chl-an-Dj or by oxidation of Dx . In the
latter case it would be reasonable to assume that Dj
equilibrates with the oxidation states of the watersplitting enzyme system Y (S-states, s. ref. 22), i.e .
in the states S2 and S3 the redox level of Di is
shifted towards the oxidized form. Therefore, as
the “undetected” fast (5^1 jus) component only oc
curs if Di is in the reduced state, one would expect,
that the amplitudes of the slower components (35
jus + 200 jus phase) oscillate in a similar way as
the S-states of the watersplitting enzyme system Y.
This oscillation pattern can be observed only in
dark adapted chloroplasts by excitation with a train
of short saturating flashes. In order to be able to
measure the anticipated effect under repetitive flash
excitation conditions an ADRY-agent (s. ref. 19)
was applied which is known to accelerate the dark
relaxation of S2 and S3 up to two orders of magni
tude in spinach chloroplasts 23, 24.
Fig. 3 shows the dependency on the flash number
in a train of the average oxygen yield per flash and
of the initial amplitude of the detected 690 nm ab
sorption change, A A 0(C h \-au ), respectively, in the
presence of 2-(3-trifluoro-4-chloro) anilino-3,5-dinitrothiophene (ANT 2 p ). It is seen that both, the

average oxygen yield per flash and the initial ampli
tude of the detected Chl-an-absorption change oscil
late synchronously. This confirms the above men
tioned assumption, that the Chl-an recovery kinetics
depend on the charge accumulation state (S-states)
of the watersplitting enzyme system Y.
Hence, the recovery kinetics of Chl-an seems to
be controlled by the redox state of Dj rather than
by the functional states of the Chl-an —D1-connection.
If the electron transport from water to the reac
tion center Cn is interrupted by Tris-treatment, then
the intermediary redox carriers including
should
attain a high population of their oxidized states by
repetitive excitation with short flashes. Therefore,
the fast ( ^ 1 jus) “undetected” recovery kinetics
of Chl-an would be absent. This effect is really ob
served, as is shown by the close correspondence of
the saturation curves for A A 0 (Chl-an) in Tris
washed and A A 0(Ch\-ai) in normal chloroplasts,
respectively. On the other hand, one could anticipate
that the addition of artificial system II electron
donors to Tris-washed chloroplasts shifts the redox
levels of the intermediary electron carriers, especial
ly of Da , towards their reducing side, thereby re
storing the fast (5^1 jus) “undetected” recovery
kinetics of Chl-an. If this assumption is correct,
then in Tris-washed chloroplasts addition of a
system II electron donor would lead to a decrease
of the initial amplitude A A 0 (Chl-an), because of the
restoration of the fast Chl-an+ rereduction kinetics.
Simultaneously, the total amplitude at 703 nm,
/4/40(Chl-ai), has to increase due to the regeneration
Tris-washed

normal
chloroplasts

□■

Fig. 3. Initial amplitudes of the measured (“detected”) ab
sorption change at 690 nm, Zly40 (Chl-an), and average oxy
gen yield per flash as a function of the flash number of a
train in spinach chloroplasts in the presence of 2 -(3-chloro-4trifluoromethyl) anilino-3,5-dinitrothiophene (ANT 2p) (0.03
juu and 0.5 jiiM, respectively). The data are normalized for
the corresponding values of the 3rd flash in the train. Ex
citation conditions as indicated in the figure. Other details
as described in Materials and Methods.

li

w ithout
w ith
electro n-don or (TPB,PD,BZ)

Fig. 4. Amplitudes of the absorption changes at 690 nm,
Zly40(Chl-ai), in Tris-washed chloroplasts in the absence and
presence of artificial system II electron donors, respectively,
and in normal chloroplasts. Experimental conditions as de
scribed in Material and Methods.
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of the linear electron transport by these donors as
has been already reported in ref. 15. The experi
mental data presented in Fig. 4 confirm this to be
really the case. For comparison on the right side
the amplitudes zJA0 (Chl-an) and J ^ 0(Chl-ai) are
given for normal chloroplasts.
These results provide further evidence for the
dependency of the initial amplitude of the “ de
tected” Chl-an absorption change,
(Chl-an), on
the redox state of the donor side of system II.
D iscussion

From the present results two conclusions can be
drawn:
1. There exists indirect evidence for a very
fast component of the dark reduction of photo
oxidized Chl-an+ by a natural electron donor Dx
which is functionally connected with the water split
ting enzyme system Y. The half life time of this
J
L
V
/
U
U
U
V
/
iA XtJ u*

. 1 -vam
w
j.

-C
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Therefore, the fast “undetected” Chl-an+-reduction
as well as the oxygen evolution would disappear,
in agreement with the experimental data. This
would also occur in the second case. However, the
decrease of A A 0 (Chl-an) in Tris-washed chloro
plasts by electron donors (s. Fig. 4) indicates that
the functional connection Chl-an —Di is not serious
ly modified by Tris-treatment. This favours the first
alternative.
Taking into account the new results, the reaction
scheme for the donor side of system II given in
Fig. 4 of ref. 4 has to be extended. Generally two
types of arrangements of the electron carriers on
the donor side are possible: a series (s. Fig. 5, top)
or a branched (s. Fig. 5, bottom) electron transfer
chain.
series

double hit cycle

m odel

!<&

- .-

2. The reduction kinetics of Chl-an+ are complex
and are dependent on the functional state of the
watersplitting enzyme system Y. The postulation of
a very fast Chl-an+-reduction of the order of ^ 1 jus
is in close correspondence with similar conclusions
drawn on the basis of measurements of prompt and
delayed fluorescence, respectively11112. Therefore,
the existence of the fast Chl-an recovery after photo
oxidation is made highly probable by different lines
of indirect evidence. Furthermore, it is known, that
the electron transfer from
to Chl-an+ is intimate
ly related to the function of the watersplitting
enzyme system Y, because this kinetics disappeared
in Tris-washed chloroplasts (s. Fig. 2) as well as
in hydroxylammonim-salt-treated algae25. That
means, the electron donor Dj responsible for the
fast kinetics of the Chl-an+-reduction functionally
interconnects in vivo the watersplitting enzyme
system Y with the reaction center of system II.
The disappearance of the fast “undetected”
Chl-an+-reduction by Tris- or hydroxylammoniumtreatment could be caused either by the modifica
tion of the redox properties of D* (similarly as the
transition high —> low potential form of cytochrome
b 559, s. ref. 26) or by a functional disconnection
of Dx from Chl-an and (or) the watersplitting
enzyme system Y. In the first case Dx would stay
in an oxidized form which is unable to become re
duced by the watersplitting enzyme system Y, be
cause of the low redox potential of the modified D i .

-X320

y\ v 200fjs
\

bock

Chid,
4 1

reaction

Tris
(Hydroxylamine)

slow

branched

model

J

cycle (seconds)

double hit c>cte

Xn

i

02*4H+
600/js

<£>

I

■X 3 2 0 ^ Chla

2H20
'-------------------J
slow cycle (seconds)

Tris
(hydroxylamine)

Fig. 5. Reaction schemes of system II electron transport.
Top: series electron transport chain of the donor side. Bot
tom: branched electron transport chain of the donor side.
For explanation s. text.

For the sake of simplicity, in both schemes Dx is
assumed to be a one-electron redox carrier, so that
the amplitude of the fast electron transfer reaction
is proportional to the degree of D1-reduction. The
chemical nature of this donor DA as well as of the
other carrier D2 is unknown. At the present stage
of knowledge it is impossible to decide about the
mode of functional (series or branched model) and
structural organization of the donor side of sys
tem II.
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The location of the 200 jus component (ti/, = 140
— 220 jus) of the Chl-an-recovery is not yet clari
fied. On the basis of measurements of delayed
luminescence 9 this kinetics seem to reflect a direct
charge recombination at the reaction center. Kinetic
data on Tris-washed chloroplasts support this as
sumption (s. ref. 7, 9). On the other hand, in nor
mal chloroplasts the extent of the 200 jus kinetics
is too large to be explainable exclusively by charge
recombination at Cn+, because the quantum yield
of the overall system II electron transport was
found to be ~ 1 10. Therefore, besides a 200 jusrecombination kinetics there should exist another
reaction on the donor side of system II with a simi
lar half life time, as is indicated in the schemes
of Fig. 5.
The postulation of a double hit probability
leading with an efficiency of approx. 17% to the
transformation of system II reaction centers with
a fast Chl-an-recovery kinetics into slower ones re
quires the introduction of a further postulate.
As the regeneration of the primary electron ac
ceptor known to be a special plastoquinone 27_29,
called X 320, appears to be rather slow in com
parison to the flash duration 29,30 a significant
double hit probability for the Chl-an-photooxidation
is only possible, if a second electron acceptor is
available. This component will be designated as Xa
(auxilliary primary electron acceptor, s. ref 31)
because it acts only under special conditions and
with a rather low photochemical quantum yield (<£*
= 0.17 versus
1 of the normal charge transfer
at the reaction center in the state Cn). Very recent
ly the existence of an endogeneous compound, which
is able to act as a second primary electron acceptor
under special conditions, has also been inferred
by Duysens group on the basis of delayed fluores
cence measurements12. Thus, a second type of
photochemical charge transfer seems to occur in sys
tem II under a very specific functional state of the
reaction center. However, this photoreaction does
not produce utilizable redox equivalents, because
neither the average oxygen yield per flash (G.
Renger, unpublished results), reflecting the number
of utilizable holes, nor the total amplitude A A 0
(Chl-aj), reflecting the number of utilizable elec
trons of system II, show a similar dependency on
the actinic flash intensity as A A 0 ( Chl-an) (s.
Fig. 2 ). That means, the above mentioned photo
process does not significantly contribute to the

probability ß of double oxidation of the watersplitting enzyme system Y (s. ref. 2 2 ).
The present model offers also a simple kinetical
explanation for the oscillation pattern in a flash
train of the amplitudes of delayed fluorescence in
the ^as-range, firstly observed by Zankel 32. In terms
of the back reaction model of Lavorel (for rev. s.
ref. 8 ) the delayed fluorescence in the //s-range is
of the “leakage type” and its intensity is given by:
A E(t)

L(t)=0r( t) - y e - sr-[c„;(t)],

(2)

where
(t) = fluorescence quantum yield, v =
frequency factor and A E (t) = activation energy of
the internal bade reaction leading to formation of
an exciton ( s ) : Cn^-> Cn + ^e); [Cn ;(«)] = con
centration of reaction centers in the state Cn+ ( —
X320~-Chl-an+).
According to Eqn (2) an oscillatory pattern of
L (t) in a flash train resembling that of the oxygen
evolution can be explained by an influence of the Sjstates of the watersplitting enzyme system Y exerted
either energetically on the activation energy AE (j)
or kinetically on the concentration [Cn+ ($)]•
The energetical aspects have been already discus
sed in ref. 8 , the kinetical effect can be brought
into consideration on the basis of the present re
sults. The hypothetical fast rereduction of Chl-an+
causes a rapid decay of the precursor state Cn+ of
delayed fluorescence in ^ 1 jus, so that in the range
above a few microseconds the concentration of
Cn+ (^) should be linearly correlated with the “ de
tected” amplitude /1^40(Chl-an). Therefore, neglect
ing in a first approximation a possible influence of
the Sj-states on the activation energy A E (t), the
amplitudes of A A 0 (Chl-an) and of the delayed
fluorescence intensity in the range of above a few
microseconds should be linearly interrelated to each
other.
In Fig. 6 the experimental data of Zankel 32 and
of Duysens et a l . 11 giving the intensity of delayed
fluorescence at 90 jus and 20 jus, respectively, after
a flash are compared with the “detected” initial
amplitudes A A 0 (Chl-an) depicted in Fig. 3 of the
present paper. The qualitative correspondence is ob
vious. By a combination of the present model and
Kok’s m odel 22 with [S0] = 0 .2 5 ; [S J = 0 .7 5 ; [S2]
= [S 3] = 0 for dark adapted algae and chloroplasts
and a = 0.1 and ß = 0 the data can be explained
by the assumption that the normalized amplitude a.2
(s. E q n ( l) ) of the fast “undetected” Chl-an-re-
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fla sh number

Fig. 6. Amplitudes of the absorption change at 690 nm,
/J^o(C hl-an), and of delayed fluorescence intensity in the
(Ms-range as a function of the flash number in a train.
Experimental data for A A 0 (Chl-an) are from Fig. 3 of the
present paper (O ) and for delayed fluorescence are re
drawn from Fig. 4 of ref. 32 (A ) and from Fig. 8 of ref. 11
( A ) , respectively. The curve connects the theoretical values
( 9 ) > s- text, in e data are normanzeu j.cu u i c k - u n c s p u u u m ^
values at the 3rd flash in the train.

covery kinetics depend on the S-states in the fol
lowing way: a2(S0) = 0 .8 6 , a2(Si) = 0.84, a2(S2) =
0.65 and a2(S3) = 0 .0 5 . That means, according to
the reaction schemes of Fig. 5 the donor Dx is
predominantly reduced, when the watersplitting
enzyme system Y is in the states S0 , Si or S2 ,
but becomes highly oxidized, when system Y at
tains the state S3 . However, an oxidation degree
of Dj of 14% is not easily to rationalize for the
state S0 . Therefore, the reduction kinetics of
system Y attains the state S3 . However, an oxidation
degree of Dx of 14% is not easily to rationalize for
the state S0 . Therefore, the reduction kinetics of
Chl-an+ might not be exclusively controlled by the
redox level of D j , but other factors (structural
changes) could also interfer. Recently, a hypo
thetical mechanism for the photosynthetic water
oxidation has been proposed33. According to this
molecular model, the formation of “crytoperoxid”
(complexed peroxide which is not accessible to hy
drolysis into free H20 2) in the watersplitting
enzyme system Y would be the essential step for the
disappearance of the fast kinetics ( f ^ l jus) of
Chl-aji+-reduction. However, it is premature to make
further speculations.
The existence of a fast electron transfer ( ^ 1 jus)
from
to Chl-an+ readily explains the high photo
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chemical quantum yield of system II, because the
back reaction with a half time of approx. 200 jus
leading to the dissipation of electrons and holes is
slow in comparison to the above mentioned reac
tion between Chl-an+ and Dj . The present results
indicate that the stabilization of the primary photo
products of the reaction center of system II is
achieved by the very rapid withdrawing of the pri
mary holes from Chl-an+ rather than by a fast
removal of the primary electrons from X 320~.
Recently, Sauer and coworkers 34,35 discovered
EPR-signals which were ascribed to reflect the elec
tron transfer reaction of a component located in the
pathway between Chl-an and the watersplitting
enzyme system Y. Within the framework of the reac
tion schemes of Fig. 5 the EPR-signals Ilvf and Ilf
(s. ref. 34, 35) can be assumed to indicate the
reactions of the component D2 . This will be dis
cussed — together with the reaction sites of dif
ferent system II electron donors — in a forthcoming
—'
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tion mechanism of the oxidizing side of system II
appears to be complex. Further experiments are re
quired to clarify the details and to provide a direct
experimental proof for the mechanism presented
here, especially for the existence of a very fast
(5^1 jus) Chl-an+-reduction time.
N ote added in proof

After the manuscript has been submitted for
publication, we became aware of new data of
Haveman and Mathis published in Biochim. Bio
phys. Acta 440, 346 [1976]. They showed that in
dark adapted normal chloroplasts a double flash
group does not lead to an appreciable formation of
Chl-an+-radicals with a lifetime longer than 60 jus,
whereas in Tris-washed or acid-treated chloroplasts
(procedures leading to impairment or interruption
of the functional connection between Chl-an and
the watersplitting enzyme system Y) the generation
of Chl-an+ with well resolved half life times of
100 —200 jus can be observed. These results are in
complete agreement with our present data and with
the proposed model which predicts rather small
amplitudes of the slow components of the Chl-anrecovery in normal chloroplasts when the watersplitting enzyme system Y attains the states S0 , Sx
or S2 (the condition of the above mentioned mea
surements, s. ref. 22), but larger amplitudes of the
slower kinetics in treated chloroplasts.
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A ppendix

The derivation of Eqn (1) is based on the hypo
thesis that there exists a fast phase of the rereduc
tion kinetics of Chl-an+ which is not detectable by
our measuring device.
The first exciton reaching the reaction center in
the state Cn leads to the normal charge separation:
X 3 2 0 ’Chl-an <e> X 320~-Chl-an+. The quantum
yield 0 of this process is close to un ity 10. If a t
and a2 denote the fractions of reaction centers Cn
characterized by slow (35 jus and 200 jus) and fast
(5^1 jus) Chl-an-recovery kinetics, respectively,
then after a few microseconds ax of the centers re
mained in the state X320_ ,Chl-an+, whereas a2
reach the state X320- *Chl-an • Furthermore, it is
assumed that by a second exciton centers in the state
X 320“ 'Chl-an are transformed into

tion, only centers of system II receiving two or
more excitons per flash can be taken into account.
The probability of centers being not transformed
after m ^> 2 excitons into the slower “ detectable”
form of Chl-an+ is given by (1 —<2>*)OT~i. Thus, ac
cording to the Poisson distribution of excitons it re
sults:
A A 0 (Chl-an)
(A 2)
A A 0 (Chl-an),
= Go 2

m= 2

[l-(l-<£*):

m!

The summation gives:
A A 0 (Chl-an)
a o*

(A3)

A A 0 (Chl-an),

—Ö9 1 -

0 * - e ~e)

1-0*

Taking together, one obtains with a1 + a2 = l :

(Xa- ) X 320“ •Chl-an+
with an efficiency 0 * and that in this state Chl-an+
becomes rereduced via the “detected” slower
kinetics (35 jus and 200 jus). Thus, for the fractions
ax and a2 of the reaction centers Cn a different
saturation curve arises for the “ detected” ampli
tudes A A 0 (Chi—
a n ).
For the sake of simplicity of the analysis the
photosynthetic units of system II are assumed to
act as isolated entities with respect to exciton migra
tion 36 and the absorbancy of the samples is ne
glected. Then, for the fraction at one obtains (s.
ref. 37) the normal saturation curve:

A A 0 (Chl-an)

( 1)

A A 0 (Chl-an) max

= 1 —ax•e~ e —

a2

j—

__

0*

e~e) .

where Q denotes the average number of excitons per
flash and per reaction center Cn and the photo
chemical quantum yield 0 = 1.
On the other hand, the amplitude of Chl-an+ of
the fraction a2 of system II reaction centers becomes
detectable only after transformation by a second
photoprocess with a quantum yield <Z>*. As the first
exciton reaching Cn does not lead to the transforma

According to Eqn (1) the experimental results of
Fig. 2 are best fitted with a1 = 0.4; a2 = 0.6 and
0 * = 0.17.
It should be emphasized that the time ratio be
tween flash duration and the “undetected” Chl-anrecovery modifies Eqn (A 3). However, it was
shown (unpublished results) that under our condi
tions (^fiash = 20 jus versus Ti/.5^1 j u s of Chl-an-re
covery) this effect can be neglected.
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