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The cornerstones of the first fundamental concept of photosynthetic machinery, i.e. the
concept of photosynthetic units, are reconsidered and a new logically and experimentally
well sustained interpretation of the crucial observations of this hypothesis is presented. The
results obtained lead to the conclusion that under low irradiances all chlorophyll molecules
are in a state to perform charge separation (photochemical) reaction, while under increased
irradiances the essential part of the reaction centres are blocked and only one reaction cen-
tre from 500-600 remains in functionally active state, i.e. in the range of the value obtained
by the founders of the widely accepted concept of photosynthetic units.
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Fundamental Results

In the beginning of the 4th decade of the last
century, during the investigations of the photo-
synthetic light reactions, several important results
were obtained, whose explanation led to signifi-
cant complications and, thus, to the postulation
of the first fundamental hypothesis, i.e. the con-
cept of the photosynthetic unit (PSU) (Emerson
and Arnold, 1932a, b; Gaffron and Wohl, 1936).
According to this concept, in all photosynthetic
systems (photosynthetic bacteria, green unicel-
lular algae, higher plants etc.) the light-absorbing
pigment molecules are divided into two groups.
Only one highly specialized pigment molecule
(named reaction centre) present among dozens of
bacteria and among hundreds of green photosyn-
thetic systems could carry out the photochemical
(charge separation) reaction. The essential part of
the pigment molecules absorbs light quanta only
and transfers the light energy to the reaction cen-
tres.

In 1932, Emerson and Arnold applied for the
first time flash-induced experiments in photosyn-
thesis, using the manometric equipment intro-
duced by Warburg (1920) and saturating flashing
light, obtained by the discharge of an 1- or 0.5-
uF condenser, charged to about 3000V, through
a neon tube.

The fundamental results from the flash experi-
ments of Emerson and Arnold were as follows:

1. The time required for one unit in the pho-
tosynthetic machinery to complete the cycle of
photochemical and Blackman (dark) reactions
was about 0.02 s at 25 °C.

2. The average flash yields were maximal when
the spacing (dark period) between the flashes was
about 0.02 s (20 ms).

3. The dependence of the quantity of the oxy-
gen molecules (in mol) evolved after one satu-
rated flash on the quantity of the chlorophyll
(Chl) molecules in the Chlorella cell suspension
was linear with a slope of about 1 O,:2480 chlo-
rophyll molecules, thus suggesting that after every
flash one oxygen molecule was produced by 2480
chlorophyll molecules. Consequently, in Chlorella
pyrenoidosa suspensions with different chloro-
phyll concentrations approx. 4 - 10~* M oxygen was
evolved from 1 mol chlorophyll after every flash.

4. A good coincidence has been established be-
tween the experimentally obtained maximal rate
of oxygen evolution, P,,,,, under continuous satu-
rated irradiation and the theoretically calculated
maximal rate, P = N/z, where N is the estimated
number of the oxygen-producing units and 7 is
the turnover time from flash light experiments.
This correlation has shown that under continuous
saturated irradiation the number of effectively
operating oxygen-evolving centres was approx.
1:600 of the number of the chlorophyll molecules
in the investigated suspension, as estimated in the
flash experiments.
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In 1932, besides these important observations,
obtained by Emerson and Arnold, some addition-
al facts had been also recognized:

5. The very high (maximum) quantum efficien-
cy of photosynthesis under limited light intensi-
ty conditions, i.e. when the probability for light
quanta absorption of a chlorophyll molecule was
about 1 quantum per hour. This statement is a di-
rect consequence of the investigations of the light
(irradiance) dependence of photosynthesis. It has
been shown in many experiments that the photo-
synthetic response to very low light intensities is
linear. This type of light curves was accepted as a
general rule.

6. The absence of an induction period in the
process of oxygen evolution or carbon dioxide re-
duction under very low light intensity conditions:
this means that at low irradiances photosynthe-
sis starts before the absorption of four quanta,
needed for the evolution of one O, molecule, by
separated chlorophyll molecules.

Using the equipment described in Zeinalov
(2002) with a polarographic oxygen rate electrode
and a group of four saturating short flashes, the
dependence of the oxygen yields produced by
separated flash groups on the spacing between
the flashes in groups is presented in Fig. 1.

The data clearly show that the amplitudes and
the volumes (quantity of oxygen) of the yields
increased with increasing the spacing between
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Fig. 1. The steady state oxygen yields of groups of four
saturating flashes depending on the spacing (from
0.1 ms up to 1000 ms, indicated on the graphs) between
the flashes in the groups in a Scenedesmus obliquus sus-
pension with 0.05 absorbance (0.1 ml sample volume).
The groups of 4 saturating flashes (47, t,, = 8 us) are
spaced at 3 s, and after reaching the steady state condi-
tions the produced oxygen yields are presented.
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the flashes up to 10-20 ms and after that, the
yields decreased. The results presented confirm
the turnover time of the oxygen-evolving centres
(2 - 107*s), estimated by Emerson and Arnold
(1932a, b).

The decrease of the flash group yields with
decreasing the spacing between the flashes in
the groups below 10 ms could be explained with
the time needed for accomplishment of the dark
(Blackman) reaction and during this time, some
of the centres were in the so-called “closed”
state. The decrease of the yields with increasing
the spacing between the flashes after 10—-20 ms
needs explanation that is more complicated.
However, the most important reason, for the ob-
served decrease, could be the deactivation of the
higher oxidized S, and S; states, according to the
model of Kok et al. (1970), with increasing the
spacing between the flashes. This statement was
supported by the yield of the first flash at the
flash group yields with 400 and 1000 ms of spac-
ing (see Fig. 1). Another possible reason could be
the respiration and the anaerobic condition of the
suspension and the cell volumes.

Five oxygen induction curves recorded at dif-
ferent irradiances after 3 min of dark adaptation
of a Chlorella pyrenoidosa cell suspension are
presented in Fig. 2a. Curve A was recorded at
maximum irradiance, I, = 135Wm™, correspond-
ing to the oxygen evolution rate close to satura-
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Fig. 2. (a) The oxygen induction curves recorded at dif-
ferent irradiances after 3 min of dark adaptation and
(b) the respective “operating points” on the light curve
in a Chlorella pyrenoidosa suspension with 0.05 absorb-
ance. The induction curves A, B and C are recorded at
8 - 10™® A/mm and the curves D and E at 1.2 - 10~ A/
mm sensitivity of the polarograph.
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tion (see Fig. 2b, point A’). The other curves were
recorded at 0.76 [, (B), 0.46 [, (C),0.19 I, (D), and
0.056 I, (E), respectively.

The induction curves indicate that the duration
of the induction period decreases simultaneously
with decreasing irradiance and under the lowest
one — 0.056 [, (E) —, the rate of oxygen evolu-
tion reaches its steady state immediately after
the light was switched on. Thus, data in this figure
confirm the statement that under very low irradi-
ance conditions photosynthesis starts without any
appreciable induction time.

The following two very important observations
were obtained significantly later and are consid-
ered as additional confirmation and verification
of the concept of the PSU:

7.The investigations of Alen and Franck (1955),
Whittingham and Brown (1958), and of Joliot
(1961) had shown that after approx. 5 min of
dark adaptation of unicellular algae (e.g. Chlore-
lla, Scenedesmus), or isolated chloroplast suspen-
sions, the oxygen yield of the first saturating short
(10 us) flash was zero.

8. The oxygen flash yields were oscillating with
a period of four flashes observed after 5—6 min of
dark incubation in alga or chloroplast suspensions
(Joliot et al., 1969).

As we will see in the next section, a logical in-
terpretation of these observations is extremely
complicated and contradictory!

Problems and Hypotheses

In many textbooks and manuals the integral
equation of photosynthesis is presented as

H,O + CO, +1light energy — (CH,O) +0O,.

The standard free energy for the synthesis
of one mol of CO, to the level of carbohydrate
(CH,0) is 112.5 kcal/mol supplied by the light
quanta. Considering the general equation of pho-
tosynthesis, it is apparent that for the evolution
of one oxygen molecule or for the reduction of
one carbon dioxide molecule to the level of car-
bohydrate four electrons should be transferred on
account of the absorbed light quanta energy and,
consequently, at least four photons are needed.
The following principal questions for understand-
ing and explanation of the observed experimental
results arise:
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(i) Are energy or photoproducts (oxygen pre-
cursors) of the absorbed four photons summa-
rized?

(ii) Whether oxygen-evolving centres act in-
dependently of each other, or can exchange en-
ergy, or whether the oxygen precursors (positive
charges?) could migrate and cooperate in the sur-
rounding medium?

The estimations have shown that the quantum
efficiency in thick (optically dense) suspensions
is maximal under low irradiance in the range of
100-1000 Ix or about 10"*~10" photons cm™s™. It
is well known that the average effective cross sec-
tion for light quanta absorption of a chlorophyll
molecule in a solution is ca. 0.2 - 107*® cm? This
means that under low irradiances, i.e. 10°—-10%
photons cm™s™, the time needed for absorption
of four quanta by separated chlorophyll mol-
ecules should be ca. 1 h. Obviously, under such
conditions, if the oxygen-evolving centres act
independently of each other, the photosynthetic
oxygen evolution should start after a prolonged
induction time, which is in contradiction with the
observation 6 and the results presented in Fig. 2,
showing that in reality photosynthesis starts im-
mediately without any induction period. The ex-
istence of the optimal spacing between the flashes
(0.02 s), leading to the maximal oxygen flash yield
estimated in the experiments of Emerson and
Arnold (see also the results presented in Fig. 1),
shows that if the spacing between flashes is in-
creased, the oxygen flash yields decrease which
is in contradiction with the accepted linear light
dependence of photosynthesis. It is easy to un-
derstand that the increase of the spacing between
the flashes, or the decrease of the frequency of
the flashes is identical with the decrease of the
continuous irradiance intensity. It is evident that
under low irradiance of the continuous irradia-
tion the photosynthetic oxygen-evolving units re-
ceive quanta after prolonged intervals, which is
analogous to the increase of the spacing between
the flashes. Thus, the decrease of the oxygen flash
yields with the increase of the spacing between the
flashes should lead to a decrease in the efficiency
of the continuous irradiation with low intensities
and consequently to the non-linearity of the light
curves under such conditions. However, the non-
linearity of the photosynthetic light curves, which
arises from the analysis of the flash-induced ex-
periments, are in contradiction with the accepted,
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at that time linear, dependence of photosynthesis
under very low irradiances.

The observation 2, as well as the additional ob-
servations 7 and 8 lead to the conclusion that the
oxygen-evolving centres operate independently
of each other (non-cooperative mechanism). This
means that every oxygen-evolving centre, before
producing one oxygen molecule, should accept
four light quanta (photons). The observed re-
sults could be explained if we suppose that the
oxygen-evolving reaction centres are in a state
to conserve some of the O, precursors (e.g. posi-
tive charges) for several minutes or even hours
and, upon following illumination after the absorp-
tion of the first photons, they could start evolving
oxygen immediately. This assumption, however, is
in contradiction with the observations 2, 7 and 8
showing that the oxygen precursors are deactivat-
ed and the effect of the light quanta disappears
in the dark. Hence, we should conclude that the
oxygen precursors are unstable in the dark and
deactivate almost entirely for about 100 s.

If the oxygen precursors are unstable in the dark,
the observed results, i.e. the absence of prolonged
induction time and the high quantum efficiency of
photosynthesis under low light intensities, could
be explained by the assumption that even under
limited light conditions the oxygen-evolving cen-
tres receive photons for time intervals of about
seconds or even shorter. This assumption could
be explained by an additional speculation that
hundreds of chlorophyll molecules are function-
ally or even structurally assembled around a giv-
en specialized chlorophyll molecule (named reac-
tion centre) which carries out the photochemical
reaction, and that this centre is supplied with the
photons absorbed by the assembled light-harvest-
ing (antenna) molecules. In this way the effective
cross section of the light quanta absorption of the
reaction centre molecule is increased by hundreds
of times, and even under very low light intensity
conditions the reaction centres receive the need-
ed four quanta for intervals hundreds of times
shorter than the intervals of the separated chlo-
rophyll molecules. This assumption explains both
the absence of the prolonged induction period
and the high quantum efficiency under low light
intensities. In agreement with this assumption is
the observation 3, i.e. the ratio O,/Chl per flash,
showing that after every saturating flash only one
oxygen molecule is produced from approx. 2500
chlorophyll molecules. This attractive hypothesis
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had been postulated by Gaffron and Wohl (1936)
and was immediately accepted by the investiga-
tors. Since then it has been supported by a great
number of investigations, and especially by the
findings 7 and 8. Initially it was assumed that ap-
prox. 600 chlorophyll molecules are organized in
a special structure and, after accepting one light
quantum, this structure transfers the quantum en-
ergy to the specialized reaction centre molecule.
(The number of the molecules — 600 — is obtained
after dividing the number 2400 by 4, as for evolu-
tion of one oxygen molecule four electrons should
be transferred, i.e. the energy of four light quanta
should be used.) At that time the photosynthetic
units had been presented as a funnel filled with
so-called antenna chlorophyll molecules and with
a reaction centre molecule situated in the neck of
the funnel. The picture was changed with accept-
ing the concept of two photosystems.

It was supposed that two different photosys-
tems should have different photosynthetic units
with different antenna chlorophyll molecules. So,
it was accepted that the number of chlorophyll
molecules in the two types of PSUs should de-
crease to 300. Nevertheless, a new problem con-
nected with the distribution of the absorbed light
quanta at different wavelengths between the two
types of PSUs emerged. So it was assumed that
there exists a special structure, called “light-har-
vesting complex” (LHC), that is able to divide
in equal shares between the units the energy of
the absorbed light quanta. In turn, this compli-
cation was also insufficient and it was supposed
that photosystem II (PSII) reaction centres have
a separate light-harvesting complex, i.e. “light-
harvesting complex II” (LHCII). A series of
theoretical considerations and complicated mod-
els of the structure of PSUs has been considered
over the years. However, a significant number
of investigations have shown a lot of discrepan-
cies concerning the size and the structure of the
postulated PSUs (Tumerman and Sorokin, 1967;
Schmidt and Gaffron, 1971; Lavorel and Joliot,
1972). According to Mauzerall and Greenbaum
(1989) the answer to the simple question “how
large is the PSU?” is rather complicated and vari-
able. This leads to the more ticklish question: Are
the above considered basic arguments sufficient
for the postulation of the concept of the PSU?
Are there other possibilities for explanation of
the obtained observations? A careful analysis of
these arguments has shown that our difficulties
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with the logical explanation of the results consid-
ered above arise from the observations 2, 7 and
8, i.e. from the absence of the oxygen burst or
oxygen yield at the first flash given after several
minutes of dark incubation, and from the oscilla-
tions of the flash yields with a periodicity of four
flashes. These observations support the hypothesis
that the oxygen-evolving centres are functioning
independently and every oxygen-evolving centre
evolves one oxygen molecule after the absorption
of four quanta consecutively. So, we have rejected
any cooperativeness in the action of the oxygen-
evolving centres. Obviously, the existence of the
non-cooperative mechanism of oxygen evolution
in photosynthesis has been completely confirmed
with the observations 7 and 8 and in numerous
flash experiments, as well. More specifically, the
model of Kok et al. (1970) or the S, states model,
in which only the non-cooperative mechanism is
supposed, could explain both the absence of the
oxygen flash yield at the first saturating flash af-
ter prolonged dark incubation and the oscillations
in the oxygen flash yields with a period of four
flashes.

Regardless of this, a number of kinetic models
have been proposed for explanation of various
complicating phenomena of the oxygen flash yield
oscillations (Delrieu, 1981; Lavorel and Lemas-
son, 1976; Lavorel and Maison-Peteri, 1983). Ac-
cording to Lavorel (1976, 1980) a special kind of
cooperative action exists in the functioning of the
S-states. In addition, there are some experimen-
tal results, which cannot be explained by Kok’s
model (e.g. the linearity of the light curves under
very low irradiance conditions). As it was shown
(Zeinalov, 1977) the operation of Kok’s model
leads to non-linear, “S”-shaped light curves. On
the other hand, it is evident that the existence of
the non-cooperative mechanism of oxygen evolu-
tion does not exclude the participation and ex-
istence of the cooperative one. Furthermore, the
absence of the oxygen flash yield after the first
flash cannot be considered as a proof for the ab-
sence of cooperativeness in the oxygen evolution
because of the following reasons:

1. The first flash was applied after prolonged
(5-10 min) dark incubation of the algae or chlo-
roplast suspensions, thus leading to anaerobic
conditions in the cell and chloroplast volumes.

2. Since the functioning of the cooperative
mechanism should be realized by the diffusion of
oxygen precursors, produced in different oxygen-
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evolving centres, the rate constant of the reactions
leading to oxygen evolution through the coopera-
tive mechanism should be significantly lower than
the rate constant of the non-cooperative one.

Consequently, it could be concluded that the
registration of oxygen burst or oxygen produc-
tion by the first flash will be difficult and even
impossible. In addition, if we consider the obser-
vation 5, i.e. the linearity of the light curves under
low light intensity conditions, and reasons 1 and
2, i.e. the dependence of yields on the dark inter-
vals between the flashes, as well as the absence
of the oxygen yield at the first flash, it is rea-
sonable to conclude that these observations are
mutually contradictory. If the observations 1 and
2 reflect strictly the photosynthetic O, produc-
tion upon flash irradiation, then even with struc-
tures like the postulated PSUs the light curves of
photosynthesis (oxygen evolution) should have
a non-linear part under very low light intensity
conditions. This means that, independently of the
existence of the PSUs, the light curves of photo-
synthesis should be S-shaped, if one supposes that
the oxygen production is realized only through
the non-cooperative mechanism and that defined
deactivation reactions exist. Thus, two possibilities
could be considered:

(a) the cooperative mechanism is also func-
tioning simultaneously with the non-cooperative
one;

(b) the light curves of photosynthesis exhibit a
non-linear part at very low light intensity condi-
tions.

The first assumption gives a logical explanation
of the basic arguments which have led to the pos-
tulation of the concept of the PSU, i.e. the obser-
vations 5 and 6, while the observations 7 and 8
can be explained with the functioning of the non-
cooperative mechanism. The observations 3 and
4 will be reconsidered in the next section. If we
accept the second possibility, then we can explain
the “red drop” and “enhancement” effects of
Emerson, which are considered the cornerstones
in the concept of the two photosystems, without
using this concept. Our investigations during the
last 30 years have shown that these two possibili-
ties are accomplished. Therefore, despite the par-
ticipation of the cooperative and non-cooperative
mechanisms of photosynthetic O, evolution, the
irradiance dependence of photosynthesis is a non-
linear function, i.e. the light curves are S-shaped.
Probably under low irradiance conditions, a sig-
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nificant part of the photosynthetically evolved
oxygen is consumed by the dark respiration and,
under such conditions, the registered light curves
are with low slopes and the quantum efficiency
is also low.

The following observations could be considered
in favour of the cooperative mechanism:

1. In unicellular alga suspensions a prolonged
(5-20 min) oxygen evolution is registered after
switching off the continuous irradiation.

2. The decay kinetics in the oxygen flash yields
is at least biphasic, i.e. two different processes
leading to the oxygen production exist — non-co-
operative and cooperative mechanisms.

3. We also cannot explain the absence of the
induction period under low irradiances without
participation of the cooperative mechanism.

4. In some photosynthetic systems (cyanobac-
teria) we cannot register any oxygen flash yields,
although they can produce oxygen at a high rate
under continuous irradiation.

5. Our previous studies (Lehoczki and Zein-
alov, 1984; Maslenkova et al., 1989) did stress the
fact that the non-cooperative oxygen-evolving
mechanism is operating mainly in the grana re-
gions while the cooperative one is localized pre-
dominantly in the stroma thylakoids.

The existence of the two different oxygen-
evolving mechanisms — cooperative and non-co-
operative — situated in grana and stroma thyla-
koids puts the question about the realization of
these mechanisms. Another interesting question
is the localization of the two kinds of bound CO,
(or HCO;) (Stemler, 1980a, b) in chloroplast stro-
ma and grana thylakoids.

Variation in the Number of Effectively Func-
tioning Oxygen-Evolving (Reaction) Centres
and the First Mistake Made by Emerson and
Arnold

Let us suppose that a suspension of unicellular
algae (Chlorella, Scenedesmus etc.) contains N,
reaction centres (RCs). Let us suppose 7 be the
average turnover time of these centres as deter-
mined by the rate of the limiting dark reaction.
Then the maximum rate (P,,) of photosynthe-
sis (i.e. the maximum number of O, molecules
evolved per second) could be given by the equa-
tion

P = kN7, 1)
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where k is a constant factor, which, in case of
O, evolution or CO, reduction, is equal to 0.25.
If photons arrive at the reaction centres within
a time T'<r, they cannot be effectively used for
photochemical processes. If, on the other hand,
T>7, the centres will remain idle during the time
T—-z. In the latter case the rate of photosynthesis
will be given by the expression

P = kNyT. (2)
In this case a part, i.e.
N = N(T-7)/T, (3)

of the centres (at any given time) will be in an
inoperative (open) state. Under low irradiance
conditions, i.e. if T>>1, the number of these in-
operative centres will tend to N,, i.e. to the total
number of the centres in the sample. Under satu-
rating irradiance conditions, i.e. T<7 the number
of inoperative centres will, on the contrary, tend
to zero. By submission of z and 7 in (3), using (1)
and (2), the following relation between N, N, P,
and P will be obtained:

N = N() - No . P/Pmax- (4)

Obviously, the N vs. P plot is a straight line (Fig. 3,
curve c), crossing the ordinate at N = N, and the
abscissa at P = P,,,.

The experimental determination of the ratio
between total and open (inoperative) centres is
relatively easy. According to the model of Kok et
al. (1970) the oxygen-evolving centres exist in five
different oxidized states: S,, S;*, S,**, S;**, and S,*".
Every centre which absorbs one photon passes
to the next higher oxidized state. After reaching
the state S,*, one oxygen molecule is produced,
and the centre returns to the initial S, state. It
is easy to understand that, independently of the
oxidation state, every centre after absorption of
four photons separated by dark intervals equal
to or longer than the turnover time (20 ms) will
evolve one oxygen molecule and attain its former
state. Consequently, the amplitudes of the oxygen
bursts produced by four saturating flashes will re-
flect the number of the centres in an inoperative
(open) state. This means that, if the flash groups
are supplied in the darkness (all centres are open),
the amplitudes of the bursts will reflect the total
number of the centres.

The results obtained with Chlorella pyrenoidosa
cells, using excitation with groups of four saturat-
ing flashes (¢, = 8 us) spaced by 20 ms between
each other and 7 s of dark intervals between the
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groups on the background of gradually increasing
continuous irradiation with achromatic (white)
light, are depicted in Fig. 4. The data show that,
in contrast to our expectations, the amplitudes of
the oxygen bursts produced by the group of flash-
es in the darkness (0) were remarkably small and,
after applying continuous irradiation (curves 1, 2,
3, and 4), a significant increase could be observed.
With increasing the intensity of the background
continuous irradiation (curves 5, 6, and 7), the
amplitudes of the oxygen bursts decreased and,
after reaching the saturated background irradia-
tion (curve 7), they were almost invisible.

The relationship between the amplitudes and
the steady state oxygen evolution is presented
in Fig. 3. Curve a was obtained by increasing the
background irradiation from zero to saturation
level. Curve b was drawn for the reverse direc-
tion, i.e. with gradually decreasing background ir-
radiation. Obviously, the difference between the
two curves reflected a “hysteresis” effect most
probably due to the induction phenomena in the
photosynthetic process. It should be pointed out
that the shape of the curves a and b presented in
Fig. 3 was dependent on the experiment duration
as well as the preceding history of the investigat-
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Fig. 3. The number of inoperative (open) centres in
Chlorella pyrenoidosa, depending on the oxygen evolu-
tion rate level. (a) Experimentally obtained results by
increasing the light intensity of background irradiation
from 0 to the saturation level [O, rate from O to the
maximal (P,,,) rate], (b) in opposite direction, and (c)
straight line, predicted by the theory of the photosyn-
thetic unit concept after (4).
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ed alga suspensions. Nevertheless, an unexplaina-
ble difference between the theoretically predicted
(on the basis of the concept of the PSU) straight
line ¢ and the curves a and b still remains. The
amplitudes of the oxygen burst increased under
background irradiation; they reached their maxi-
mum at the level of steady state oxygen evolution
rate, representing approx. 1/3—1/2 of the maxi-
mum value of the saturating level.

Whenever flash groups are given under low
irradiance, the lower value of the amplitudes
reflects the existence of induction phenomena.
It is obvious that we cannot estimate the exact
number of reaction centres from the amplitudes
of oxygen yield under dark conditions, i.e. without
background irradiation.

The results presented in Fig. 5 were obtained
using a suspension of unicellular algae (Chlorella
pyrenoidosa) irradiated with groups of four short
(t, = 10 us) saturated (4 J) flashes, spaced by in-
tervals of 20 ms and with 5 s between the groups.
In the first 20 s the amplitudes of the oxygen yields
from the groups of flashes in the darkness are
shown. Then a saturated, continuous white (ach-
romatic) light was switched on and the so-called
induction phenomenon started. After an initial

7 Saturated
level

6

Oxygen yield per four flashes [a.u.]

1 Dark level

Time [a.u.]

Fig. 4. The amplitudes of the oxygen yields in Chlo-
rella pyrenoidosa, produced by four saturating flashes
(417, t,,, = 8 us) with 20 ms of dark periods between the
flashes and 7' s between the groups depending on the
steady state oxygen evolution rate. The intensities of
background light are: 0, 0; 1, 17.0; 2, 25.0; 3, 34.0; 4, 43.0;
5,52.0;6,82.0,7,135.0 W m™.
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Oxygen evolution rate [a.u.]
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Fig. 5. The variations in the oxygen bursts before, during and after the induction time of photosynthesis in Chlorella
pyrenoidosa, registered with an oxygen rate electrode as described in Zeinalov (2002). The suspension of cells is
kept in the darkness for 5 min and the groups of four saturating flashes (20 ms spacing between the flashes and 5 s
between the groups) are switched on at the time “0”. The saturated white light (135 W m™) is switched on at the
time indicated by “1” and is switched off at the time indicated by “{”.

oxygen burst and some oscillations, an approx.
maximal (saturated) oxygen evolution rate was
reached, and the continuous light was switched
off. The results presented in Fig. 5 demonstrated
a well expressed variation in the O, yields from
flash groups. As the spacing between the flashes
in the flash groups was 20 ms, i.e. equal to the
Emerson and Arnold period, the amplitudes of
the yields should reflect the number of open re-
action centres (oxygen-evolving centres). The ini-
tial amplitudes (in the dark, before switching on
the continuous light) of the oxygen bursts could
be considered proportional to the total number
of the oxygen-evolving centres in the suspension,
because all the centres are in open state. During
the time of irradiation with continuous saturated
light, the amplitudes of the oxygen burst were
zero, indicating that all oxygen-evolving centres
were closed, i.e. in operative state. It is easy to
understand that, after switching off the light after
the first 10—20 ms, all reaction centres should be
in open state, i.e. the amplitudes of the oxygen
yields induced by the four flashes should be equal
to the amplitudes before switching on the contin-
uous irradiation! In contrast to our expectation,
the amplitudes of the flash groups immediately
after switching off the continuous irradiation are
almost invisible and they increased in the dark-
ness at prolonged time (more than 5 min), thus

indicating that during the induction time (during
the irradiation with continuous light) the essential
part of the oxygen-evolving centres was inactivat-
ed or blocked.

The next two figures give some additional
ideas about the kinetics of blocking the oxygen-
evolving centres during the induction time of
photosynthesis. The oxygen bursts presented in
Fig. 6 were obtained with a Chlorella pyrenoido-
sa suspension excited with groups of four flashes,
spaced by 20 ms (Emerson and Arnold period)
and 2 s between the groups. At the time ¢, contin-
uous light with 650 nm wavelength and 400 umol
photons m™s™ was switched on only for 30 ms.
For this short time, every oxygen-evolving centre
could perform no more than one or two turnovers
(the turnover time of the centre is around 20 ms),
so that oxygen could not be produced by a non-
cooperative (Kok’s) mechanism (at least 3 or 4
turnovers are needed for producing one oxygen
molecule). Nevertheless, the appearance of the
initial oxygen burst showed that the induction of
oxygen production is started, most probably ac-
cording to the cooperative mechanism. A com-
parison of the amplitude of the first oxygen burst,
after switching off the continuous irradiation, with
the amplitudes of the flash group yields before
switching on the continuous irradiation (i.e. in the
darkness) shows that they are equal. This means
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Fig. 6. Changes of the amplitudes of oxygen bursts
produced by groups of four saturating (4], t,,, = 8 us)
flashes with 20 ms of dark periods between the flashes
and 2 s between the groups after the induction time of
photosynthesis. At the time ¢, the suspension of Chlo-
rella pyrenoidosa (0.1 cm®, 15 ug Chl cm™) was irradi-
ated with a 650-nm monochromatic light beam with
400 ymol photons m™s™ for 30 ms. The upward and
downward arrows show the times of switching on and
off the continuous irradiations.

that the concentration of the produced oxygen in
the cell volumes is below the inactivation starting
level of the oxygen-evolving centres.

In Fig. 7 the time of irradiation with continuous
light was increased up to 288 ms. Even after such
a relatively short time of irradiation, for which
every oxygen-evolving centre could perform only
14 turnovers (14 - 20 ms = 280 ms), the amplitude
of the oxygen flash group yields after switching off
the red light decreased drastically. Consequently,
during this short time of irradiation (288 ms) with
not so strong continuous light the essential part of
the oxygen-evolving centres was submitted to the
process of blocking.

Let us consider the results presented in Fig. 8,
showing that the effects of the flash groups on the
background saturating “white light” are negligible.
At the time ¢t = 0 the “white light” was switched
off and the rate of oxygen evolution decreased
sharply to the level indicated by D. After that, the
process of oxygen evolution in the darkness, con-
nected with deactivation of the S; states (Zeinalov
and Litvin, 1979) or with the unblocking of the
inactivated (blocked) states, began. Immediately
after switching off the continuous saturated radia-
tion, the effect of the flash groups was very small
and the amplitudes of oxygen yields increased
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Fig. 7. The same experiments as shown in Fig. 6, except
that the time of irradiation with continuous light is in-
creased (288 ms).
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Fig. 8. The oxygen bursts produced by groups of four
saturating (4 J, t,, = 8 us) flashes with 20 ms of dark pe-
riods between the flashes and 7 s between the groups.
The suspension of Chlorella pyrenoidosa (0.1 cm®, 15 ug
Chlcm™) was irradiated with saturating white light
(135W m™) and at the time indicated as “0” the satu-
rating light was switched off. The groups of flashes were
switched on at the time indicated by “1”.

slowly in the dark up to 20 min. Consequently, the
increase of the amplitude of oxygen group yields
in the darkness [after switching off the background
radiation, when all the centres (after 10—20 ms)
should be in open state] showed that the number
of effectively working oxygen-evolving centres
increased. This number was significantly lower
(tending to “0”) immediately after switching off
the saturated background radiation. Thus, we
might suppose that this number had the same
low value during the preceding time of irradiation
with saturating “white light”. This means that un-
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der saturating irradiance conditions, the essential
part of the RC was in an inactivated (blocked!)
state. More than 15 years after publication of our
results (Zeinalov, 1986) the Hungarian scientists
Scilard and coworkers (2002) showed that light
flashes could inactivate the oxygen-evolving ca-
pacity of PSII. The results presented in Figs. 5-8
as well as in our paper (Zeinalov, 1986) show that
the oxygen-evolving reaction centres are blocked
not only under flash, but also under continuous
irradiation.

According to Boitchenko and Efimtcev (1979)
a significant part of oxygen-evolving (PSII) cen-
tres is inactivated (blocked) under increased oxy-
gen concentration. Shinkarev (2005) accepted the
state of inactivation (blocking) for all §; states in
his model for photosynthetic oxygen-evolving re-
actions.

It is easy to show that the relation between
the number of operating reaction centres (N.),
the amperometric current (/) on a polarograph
equipped with an oxygen rate electrode, the turn-
over time of the reaction centres (z), and the elec-
tric charge of the electron e = 1.602189 - 10" C
is as follows:

N, = Ile. %)

If we accept for the turnover time of the cen-
tres the value by Emerson and Arnold (1932a,
b) — 2 - 107*s — and for the amperometric cur-
rent of the saturated O, evolution rate the value
from Fig. 8 — 1.32 - 10 A — we can calculate the
number of the oxygen-evolving centres N, in the
investigated sample:

N, = Ie
=132-10°A-2-102s/1.6 - 10°°C
= 1.65 - 102 RC. (6)

The comparison between the number of chloro-
phyll molecules (N¢,) in the investigated sample
(0.1 cm® with 15 ug Chl cm™, i.e. 9.4 - 10" chlo-
rophyll molecules) and the number of oxygen-
evolving centres (V,) leads to

Ngw/N, = 9.4 - 10 Chl/1.65 - 1012 RC
= 570 Chl/RC. (7)

If the number of chlorophyll molecules is cal-
culated for one oxygen molecule evolved, the ob-
tained value should be increased by 4 times, i.e.
about 2280 for 1 O, molecule. Consequently, the
value obtained in this way is in accordance with
the value for the PSU proposed by Emerson and
Arnold (1932a, b).
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From the results presented in Fig. 8 it could be
concluded that the number N, estimated above
reflects only the number of effectively working
RC under saturating irradiance conditions, but not
their total number. An approximate idea about
the total number of the oxygen-evolving centres
could be obtained if we compare the amplitudes
of the oxygen yields per four flashes (Fig. 8) im-
mediately after switching off the saturating “white
light” with those obtained 20 min after switching
off the light. Approx. a 30- to 40-times increase
was registered after switching off the light. Hav-
ing in mind the results presented in Figs. 3 and 4,
indicating an increase of the amplitudes of oxygen
flash yields up to 2-3 times under moderate irra-
diation with continuous light, we should increase
these numbers up to 60-120. So, these numbers
show that the number of unblocked, effectively
operating oxygen-evolving centres under saturat-
ing irradiance conditions was 60—120 times lower
than the maximum value of the centres shown in
Fig. 3. However, this maximum did not reflect the
total number of the oxygen-evolving centres. It is
evident that the maximum value of the oxygen-
evolving centres shown in this figure represented
only a balance between the two different proc-
esses:

1. the process of blocking (curve a) or unblock-
ing (curve b) of the oxygen-evolving centres un-
der higher light intensities (or at a higher oxygen
concentration in the cell or chloroplast volumes),
and

2. the process of oxygen consumption by dark
respiration and the so-called induction phenom-
ena, leading to a decrease of the oxygen burst am-
plitudes produced by the four saturating flashes.

If the second process was not taking part, the
two curves (a and b) presented in Fig. 3 under low
irradiances, tending to “0”, probably would con-
tinue to the top of the graph, and the considered
total number of oxygen-evolving centres should
be increased at least two times, i.e. to 120-240.
As we have shown the number of chlorophyll
molecules in the operative RCs under saturating
irradiance conditions is in the order of 500; this
means that the total number of RC could be prac-
tically equal to the number of chlorophyll mol-
ecules. This indicates that the usual procedures
used for estimation of the number of PSUs have
to be revised. There are mainly two reasons for
this statement:



Y. Zeinalov - The Concept of Photosynthetic Units

1. Under high light intensity or frequency of the
saturating flashes the oxygen flash yields are low
due to the inactivation (blocking) of the essential
part of the RC.

2. Under low light intensity conditions, the oxy-
gen flash yields are low as a consequence of the
induction phenomena and the process of blocking
(connected with oxygen consumption) of the es-
sential part of the oxygen-evolving centres.

We have found (Zeinalov, 1979) that after
switching on the irradiation during the induction
time of photosynthesis, oxygen absorption reac-
tions connected with the oxidation (blocking) of
oxygen-evolving centres take place. The amount
of oxygen absorbed (Fig. 9, dashed area A) dur-
ing the induction time is in the order of the chlo-
rophyll content and approx. the same amount of
oxygen (Fig. 9, dashed area B) is evolved after
switching off the light (in the darkness).

On the other hand, according to Emerson and
Lewis (1941a,b) and McAlister (1939) the amount
of CO, burst during the induction period is also
in the order of the amount of chlorophyll, which
was explained by Franck and Herzfeld (1941) as
a result of decomposition of the so-called ACO,
complex (A is the primary acceptor of CO, whose
quantity according to these authors was equal to
the amount of chlorophyll!) in the light. Accord-
ing to the “biochemical hypothesis” of Franck
and Herzfeld, the absorption of a photon by any
chlorophyll molecule leads to the formation of a

Saturated oxygen evolution rate

1 min

Dark level

Oxygen evolution rate [a.u.]

Time

Fig. 9. The induction curve of photosynthesis of Chlore-
lla pyrenoidosa, recorded after 5 min of dark incubation
and after irradiation with 135 W m™ “white light”. “1” —
light on; “J” — light off. For details, see text. The number
of O, molecules absorbed during the induction time of
photosynthesis, calculated from the dashed area “A”
and evolved after switching off the irradiation in the
dark (dashed area “B”), is in the order of the number of
chlorophyll molecules in the investigated suspensions.
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freely diffusing unstable photoproduct P. This im-
plies that a short saturating flash induces the for-
mation of a number of P equal to the number of
chlorophyll molecules in the investigated sample.
They have also assumed that the photoproduct
P is stabilized at the level of the Emerson and
Arnold enzyme E, whose concentration is much
lower than that of chlorophyll. Assuming that the
turnover time of E is much longer than the life-
time of P, the amount of oxygen evolved will be
proportional to 0.25 E. This is the case with flash
experiments — non-cooperative Kok mechanism.
Under low irradiance conditions, all P could be
stabilized and the production of O, is with high
quantum yield efficiency through the cooperative
mechanism. Having in mind the above results,
the functioning of the oxygen-evolving centres
may be presented as follows: In the darkness, all
oxygen-evolving centres (or all chlorophyll mol-
ecules!) accept CO, molecules or HCO;™ anions.
This statement is in agreement with the results of
Emerson and Lewis (1941a, b), McAlister (1939),
and with the data of Stemler (1977, 1980a, b). At
low irradiance every chlorophyll molecule works
as a part of the RC with low frequency depending
on the frequency of the quanta absorbed. If the
irradiance is sufficiently high, it leads to the oxida-
tion (blocking) of a significant part of the oxygen-
evolving centres, a process connected with the O,
consumption which leads to CO, evolution from
the oxygen-evolving centres during the induction
time of photosynthesis [the “first effect of Em-
erson” (Emerson and Lewis, 1941a, b)]. At satu-
rating irradiance the number of the functionally
effective (working or operative) oxygen-evolving
centres can decrease to ca. 1:500, and thus the
number of O, molecules absorbed or CO, mol-
ecules evolved during the induction time would
be practically equal to the number of chlorophyll
molecules in the investigated photosynthetic sys-
tem'. This assertion explains the observed radia-

! Having in mind that the number of the oxygen mol-
ecules absorbed during the induction time of photo-
synthesis is equal to the number of the evolved CO,
molecules, we can reject Emerson’s statement (Emer-
son and Lewis, 1941a, b) that the CO, burst during the
induction time is leading to a mistake in Warburg’s
experiments on the minimum quantum requirement
of photosynthesis. It is evident that the evolved CO,
molecules simply replace the absorbed oxygen mol-
ecules! At the same time the process of blocking and
unblocking of the oxygen-evolving centres during the
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tion dependence of the induction times. Accord-
ing to the interpretation presented above that the
quanta arrive at the oxygen-evolving centres after
prolonged intervals (longer than several seconds),
the centres cannot reach the higher oxidized S; or
S, states and oxygen can be evolved by the co-op-
eration of oxygen precursors obtained in differ-
ent centres, a mechanism considered previously
(Zeinalov, 1982, 2005; Zeinalov and Maslenkova,
1996). In summary, the following reaction steps
could be presumed:

ChlZ+HCO; —» ChlZHCOy, ®)
ChlZHCO; +hv — ChI"”ZHCOy, )
ChlI"”ZHCO;” — ChI'Z HCOj, (10)
ChI'ZHCO; +P — ChI'ZHCO; +P, (11)
ChI*ZHCO; — ChlZ+HCO;y, (12)
4HCO; — 2H,0+4CO,+0,, (13)
H,O0+CO,+CA — H,CO;—

H"+HCOy, (14)
ChlZHCO; +0O,+P,+hv —

ChlZO,+HCO; +P,, (15)
4HCO; — 2H,0+4CO,+0,, (16)
ChlZO,+HCO; — ChlZHCO; +0,. (17)

During the first reaction (8) the oxygen-evolv-
ing centres (i.e. all chlorophyll molecules!) cap-
ture a bicarbonate ion in the darkness. The second
reaction (9) reflects the light quanta absorption
by the chlorophyll molecule, which is in complex
with the primary electron acceptor (Z). During
(10) the charges separation is accomplished and
one electron is transferred from the excited chlo-
rophyll molecule to Z. The next reaction (11) is
the electron transfer to a component P on the
electron transport chain. The electron of the bi-
carbonate ion fills the missing electron in the
chlorophyll molecule and the bicarbonate ion is
separated as a bicarbonate radical [reaction (12)].
The recombination of four bicarbonate radicals
[reaction (13)], accumulated at a given reaction
centre (in flash experiments or under high irradi-
ance conditions), leads to the evolution of one ox-
ygen molecule, two molecules of water and four
CO, molecules — the so-called non-cooperative or

induction time could be realized as “one quantum
process”, and could be used for interpretation of “the
one quantum” requirement reaction by Warburg, as it
was mentioned by Vennesland (1965). Obviously, the
CO, and O, exchange processes during the induction
time of photosynthesis need further profound inves-
tigations using modern inertialess experimental tech-
niques.
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Kok’s oxygen-evolving mechanism. Under low ir-
radiances or after switching off the irradiance, the
cooperation of the four bicarbonate radicals, pro-
duced in different reaction centres leads again to
the same reaction — cooperative mechanism. The
restored complex of the chlorophyll molecule,
the primary acceptor in reaction (12) and the re-
stored CO, molecules [reaction (13)], after hydra-
tion with the participation of carboanhydrase CA
[reaction (14)], are involved in (8) and the cycle
could start again.

Reaction (15) takes place under irradiation and
increased oxygen concentration during the induc-
tion time of photosynthesis and is connected with
the inactivation (blocking) of the oxygen-evolving
centres. The process is connected with the libera-
tion of bicarbonate radicals, after the recombina-
tion of which [reaction (16)] the process of the
CO, burst (Emerson and Lewis, 1941a, b) is ac-
complished. In summary, these two reactions lead
to oxygen absorption and CO, liberation®. Finally
during (17) the oxygen liberation and HCO;
catching from the blocked oxygen-evolving cen-
tres after switching the light off occurs and the
system returns to the initial state (8). Most likely,
the possible path of cooperation of the four bicar-
bonate radicals in (13) and (16) is accomplished,
according to the hypothesis of Metzner (1978),
through dimerization of two bicarbonate radicals

2 Here it is necessary to point out that the chlorophyll
in the blocked ChlZO, state in reaction (15) is most
probably in a high fluorescent state, and the gener-
ally accepted interpretation of the fluorescent induc-
tion phenomena using modulated PAM techniques
as “photochemical”, “non-photochemical” quenching
should be reconsidered and revised. The low fluores-
cent F, state could be logically connected with the
initial oxygen burst observed during the induction
time of photosynthesis when all oxygen-evolving cen-
tres (i.e. all chlorophyll molecules which are in the
ChlZHCOj; state) are in the open state. The follow-
ing increase of the fluorescence, and reaching of the
F,, level, could be connected with the accumulation of
the blocked ChlZO, state. And finally the subsequent
decrease and reaching of the steady state most likely
is connected with the mechanical movement (photo-
taxis) of the cells, chloroplasts and thylakoids, leading
to the more effective capturing of the light quanta.
Thus the blocking process of the oxygen-evolving cen-
tres (15) decreases the number of effectively working
reaction centres, i.e. the level of oxygen concentration
in the cell and chloroplast volumes, while simultane-
ously converting the working reaction centres in an ef-
fectively fluorescent state (ChlZ0O,), protecting in this
way the photosynthetic systems from photodamage.
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to peroxidicarbonic acid. In fact (15) regulates
the rate of photosynthesis (oxygen evolution) by
the so-called “negative feedback” regulation and
probably gives an idea for interpretation of the
complexity of the registered oxygen induction
phenomena, a problem with a long history (see
Rabinowitch, 1951, Chapter XXXIII) and without
an answer yet. So, instead of the enzyme regu-
lation, accepted by Franck and Herzfeld (1941),
our results reflecting the variation of the oxygen-
evolving centres suggest negative feedback regu-
lation of the process of photosynthesis or oxygen
evolution. In the same time the reaction (15)
gives a logical interpretation of the “first effect
of Warburg”, i.e. the inhibitory effect of oxygen
on photosynthesis. The presented results show
that the initial oxygen burst is a result of two
opposite processes — oxygen production from
the enormous (equal or close to the number of
chlorophyll molecules in the investigated algae
suspension) number of oxygen-evolving centres
(all oxygen-evolving centres are in an open, re-
activated in the preceding dark incubation time
state) and the process of oxygen consumption,
connected with the process of blocking the es-
sential part of the reaction centres. If the process
of blocking does not exist, the stationary oxygen
evolution rate could reach extremely high levels
(a value at least one hundred times bigger) and
the photosynthesizing system could be submitted
to self-destruction by increased oxygen concen-
tration. This is the reason for the extremely fast
blocking process (see Fig. 7). Apparently, if the
reactions presented above reflect the molecular
events in the oxygen-evolving centres, the isotop-
ic experiments with labeled oxygen will reveal the
water as a source of photosynthetic oxygen. The
water is included as the ultimate source of elec-
trons in reaction (14) during hydration of CO,. It
is also clear that CO, is included in the reaction
sequence only as a catalyst. A more detailed con-
sideration of the presented reaction scheme could
show an analogy between the complex ChlZH-
COj; and the so-called “photolyte” component of
the celebrated Otto Warburg (Warburg 1920; see
also Hoxtermann, 2007; Nickelsen, 2007). Accord-
ing to Warburg et al. (1969) the binding of carbon-
ic acid occurs in two consecutive reactions, both
of which require the energy provided by oxygen
respiration. The first reaction leads to aerobically
bound carbonic acid; the second reaction, which
is catalyzed by manganese (Warburg et al., 1968),
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leads to the photolyte (Warburg and Krippahl,
1967) in which one molecule of carbonic acid is
combined with one molecule of chlorophyll. In re-
ality this component formed in the dark [reaction
(8) during the reaction sequence (8)—(13) leads
to the evolution of one oxygen molecule through
the electrolysis of H,CO;]. Since this electrolysis
runs to account for the absorbed quanta of en-
ergy, it could be named photo-electrolysis.

In summary, the general equation of photosyn-
thesis should be presented as

CO,+H,0+CA - H,CO; —»
H*+HCO; +hv - CH,O0+0.,. (18)

In this scheme, the first two steps are dark re-
actions without using the energy of light quanta.
These two steps accumulate from the surrounding
media 3.9 and 8.6 kcal/mol energy, respectively
(Dismukes et al., 2001). While the entire reac-
tion needs 45.9 kcal/mol, the use of the bicarbo-
nate ions decreases the light reaction energy to
33.4 kcal/mol (approx. 1.37 times).

The above interpretation explains the results
presented in Fig. 2. The induction curves show
that the duration of the induction period decreas-
es simultaneously with decreasing irradiance, and
under low intensity (0.056 I,) the rate of oxygen
evolution reaches its steady state immediately af-
ter switching on the light — reactions (15) and (16)
cannot be accomplished as the concentration of
oxygen in the suspension or chloroplast volumes
is low (low irradiation!).

The concept of the “photosynthetic unit” is
now more than 75 years old. During this period,
our ideas about the size and the arrangement of
these structures have often been changed. The
most difficult question, however, still remains:
“Are there other possibilities for the explanation
of the existing observations?” I suppose that if
Emerson and Arnold (1932a, b) and Gaffron
and Wohl (1936) had had in their possession
the results presented in Figs. 3—8 which show
dramatic changes in the number of operative
oxygen-evolving centres during the induction
time, it could hardly be assumed that they would
have postulated their hypothesis about the PSU.
Unfortunately, all their experiments were per-
formed with Warburg’s manometric apparatus.
Using this equipment, they could not observe
the oxygen yields by separate flashes, i.e. they
could not observe any changes in the number of
operative oxygen-evolving centres. Emerson and
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Arnold (1932a, b) measured only the oxygen
yield from a great number of flashes and divided
it by the number of generated flashes to calcu-
late the yields by separated flashes. Without hav-
ing any indications about the extremely fast (tak-
ing only tenths of a second) process of blocking
of the oxygen-evolving centres, they simply have
supposed that the number of operating reaction
centres remains constant during the induction
time of photosynthesis. The results presented
above show the complexity and flexibility of
the oxygen-evolving system of photosynthesis.
They demonstrate that many of the experimen-
tal data obtained cannot be understood in the
frame of the postulated concept of the PSU.
Furthermore, there are many observations, the
explanation of which leads to serious contradic-
tions; meanwhile, they are the reason for the
proposal of various models. Regarding the ba-
sic arguments for the postulation of a PSU we
have to admit that the strongest point is the ab-
sence of oxygen after the first saturating flash.
However, this demands a very careful reconsid-
eration: after prolonged darkness the first flash
hits the cells or the chloroplasts in an anaerobic
state; the rate constants of the reactions leading
to O, evolution through the cooperative mecha-
nism are significantly lower than those connect-
ed with a non-cooperative mechanism, since the
functioning of a cooperative mechanism requires
the diffusion of O, precursors between different
RCs. Photosynthetic systems are self-controlled
and may attain a modified state after a short
saturating flash. This may be connected with O,
consuming processes during the induction pe-
riod [reactions (15) and (16)] and furthermore
connected with self-regulating processes, which
protect the living structure from oxidative dam-
age. This statement is supported by the data of
Boitchenko and Efimtcev (1979) showing that at
increased oxygen concentrations a significant
part of the oxygen-evolving (PSII) centres are
inactivated (blocked).

Therefore, all three basic arguments about the
PSU concept could be explained by the exist-
ence of two different ways of oxygen evolution
in photosynthesis and by the different degree of
inactivation (blocking!) of the oxygen-evolving
centres. In this respect, the concept of the PSU
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should rather be accepted as a dynamic than as a
structural or statistical system’.

The acceptance of a dynamic system with re-
spect to the functional properties and potential
ability of every chlorophyll molecule to perform
the initial photochemical charge separation reac-
tion eliminates all artificially created problems
and preserves all remaining characteristics of
the structural or statistical ideas about the PSU.
This idea is in agreement with the statements of
Vennesland (1965) according to which “the 1:1:1
molar equivalent relation of the aerobically bound
CO,:glutamate:chlorophyll shows that all of these
components contribute to the activated complex
which functions as an O, precursor when it ab-
sorbs light” And “This is the photosynthetic unit
of Warburg. It contains one molecule of chloro-
phyll — not one hundred.”

The most serious and difficult problem, arising
from the original concept of the PSU, is connect-
ed with the mechanisms of the directed energy
transfer from the antenna chlorophyll molecules
to the respective reaction centres. It is evident
that the only possible mechanism for such kind
of energy transfer from 200—300 chlorophyll mol-
ecules, from the light-harvesting complexes to the
specialized reaction centres is the existence of a
demon like Maxwell’s demon in thermodynamics.
On the contrary, the concept of the dynamic sys-
tem suggests that every chlorophyll molecule is in
a state to perform the charge separation reaction
and the problem of energy migration between
hundreds of molecules does not exist. Under low
irradiance conditions, the separated chlorophyll
molecules absorb light quanta with low frequency
(after long dark intervals) and are not submitted
to inactivation or blocking processes. Under such
conditions, every chlorophyll molecule functions
as a reaction centre and the process of oxygen
production is realized through the cooperative
oxygen-evolving mechanism. On the other hand,

* The crude calculations show that the kinetics of the
restoration of the blocked reaction centres (ChlZO,)
according to equation (17), presented in Figs. 5-8,
leads to the activation of only one centre in 600 chlo-
rophyll molecules for 10—-20 ms. Thus we could admit
that during the steady-state photosynthesis there ex-
ists a dynamic equilibrium between open (function-
ally active) and blocked reaction centres. Obviously,
further investigations are needed for the understand-
ing of the real events of the photosynthetic oxygen
production.
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under high irradiance conditions, when the es-
sential part of the chlorophyll molecules is in a
blocked state and only a small part is in a func-
tionally active state as a consequence of the high
concentration of the incident quanta, every chlo-
rophyll molecule (ChIZHCO;™ or better ChlGl-
HCO;) in an active state could absorb light
quanta with sufficiently high frequency. This does
not mean that energy migration is forbidden or
not existing. According to the known physical
mechanisms the energy transfer is realized, how-
ever, its role and significance for the primary pho-
tophysical and photochemical processes could be
ignored in comparison with the direct absorption
of light quanta from the functionally active reac-
tion centres. In other words, the energy transfer is
accomplished as in solid or liquid media, without
any “directed transfer” towards the “highly spe-
cialized” and strictly determined “reaction cen-
tre” molecules.

The essential conclusion, based on the present-
ed results and their analysis, is that the number of
oxygen-evolving centres under low irradiance con-
ditions tends to the number of chlorophyll mol-
ecules in the photosynthesizing systems. Under
such conditions, oxygen evolution is mainly a re-
sult of the so-called cooperative oxygen-evolving
mechanisms, accomplished by PSIIS centres (situ-
ated in the stroma thylakoid regions). The second
component of oxygen evolution is connected with
the deactivation of the higher oxidized (S, or S;)
states from grana domains (PSIla centres). With
increasing light intensity, the process of blocking
of the reaction centres starts, according to (15),
a process connected with the oxygen consump-
tion and CO, evolution [cf. (16)] which explains
Emerson’s first effect or the CO, burst during the
induction time of photosynthesis. Under saturat-
ed irradiance conditions, the number of the effec-
tively working centres decreases to the number
estimated by Emerson and Arnold [1RC/2500
chlorophyll molecules (big PSUs) or 1RC/600
chlorophyll molecules].
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The ideas and the results presented in the
present work explain several experimental obser-
vations (some of them considered as “effects”)
unexplained up to now: a) the linearity of the
photosynthetic light curves (without the effect of
respiration!) and the absence of the prolonged
induction time under low irradiance conditions
with the participation of the cooperative oxygen-
evolving mechanism; b) the oscillations of the ox-
ygen flash yield amplitudes with the participation
of the non-cooperative (Kok’s) mechanisms un-
der flash (saturating!) irradiation; c) the oxygen
consumption and CO, burst during the induction
time of photosynthesis with the blocking and in-
hibition of the oxygen-evolving centres of photo-
synthesis [“oxygen effect” of Warburg (1920) and
“first effect of Emerson” (Emerson and Lewis,
1941a, b)].

At the same time, the problems of energy mi-
gration from antenna structures to the “special-
ized reaction centres” will significantly diminish.
Under low irradiance conditions, as it was pointed
out, every chlorophyll molecule, after absorption
of light quanta, will act as a reaction centre. On
the other hand, under higher irradiances (days of
sunlight —1500—1800 umol hv m™s™) the chloro-
phyll molecules remaining in an active state (un-
blocked) with an 0.2 - 107'° cm? average effective
cross section for the light quanta absorption (in
solutions!) will catch one light quantum within an
interval below 500 ms. Having in mind that in bio-
logical systems (leaves, unicellular algae etc.) the
effective cross section for quanta absorption of
the individual chlorophyll molecules can increase
significantly as a consequence of light scattering,
the intervals of the quanta absorption could ac-
cess to the turnover time [closed time of reaction
centres (Emerson and Arnold period)] of the ox-
ygen-evolving centres. Consequently, under such
conditions, energy migration will not be needed
from the so-called antenna chlorophyll molecules
or from another kind of “light-harvesting com-
plexes” to the specialized, so-called “reaction
centres” molecules.
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