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ABSTRACT Flash-induced oxygen evolution in the thyla-
koids of plants and algae exhibits damped oscillations with
period four. These are well described by the S-state model of
Kok et al. [Kok, B., Forbush, B. & McGloin, M. (1970)
Photochem. Photobiol. 11, 457-475], with damping provided
by empirical misses and double hits in the reaction center of
photosystem II. Here we apply a mechanistic interpretation of
misses as mainly determined by reaction centers that are
inactive at the time of the flash due to the presence of either P*
or Qx, according to the electron transfer equilibria on the
donor and acceptor sides of the reaction center. Calculation of
misses on this basis, using known or estimated values of the
equilibrium constants for electron transfer between the S states
and tyrosine Yz, between Yz and P680, as well as between the
acceptor plastoquinones, allows a natural description of the
flash number dependence of oxygen evolution. The calculated
misses are different for each flash-induced reaction center
transition. Identification of this mechanism underlying the miss
factor for each transition leads to the recognition of two
different reaction sequence cycles of photosystem II, with
different transition probabilities, producing an intrinsic het-
erogeneity of photosystem II activity.

In photosystem II (PSII), light activates electron transfer
from the primary donor (P680) to the primary quinone
acceptor (Qa) and then to the secondary quinone acceptor
(QB). Qa4 is a one-electron carrier, whereas the secondary
quinone acceptor Qp can accept two electrons. Plastoquinol
(QgH>), generated after two turnovers of PSII, can exchange
with an oxidized molecule of the plastoquinone pool and the
acceptor quinone complex returns to the initial state (QaQg)
with both quinones in the oxidized state (e.g., ref. 1). The
‘‘two-electron gate”’ character of Qp, the kinetic stability of
the Qp semiquinone, and the exchange of neutral forms of the
quinone result in flash number-dependent binary oscillations
of the semiquinones (e.g., ref. 2).

Activation of PSII by single turnover actinic flashes leads
to oxygen evolution with periodicity of four (reviewed in ref.
3). This periodicity was originally explained by introducing
the S states (S,) of the oxygen-evolving complex, where each
S state has a different number (n = 0, 1, 2, 3, 4) of oxidizing
equivalents (4). The dominant dark-stable state was S;,
resulting in maximal oxygen yield after three flashes. Later,
Joliot and Kok (3) considered four photoactive states includ-
ing the PSII reaction center (RC), YzP680Q, and the O,-
evolving enzyme as components. Since then, however, many
authors have returned to the original interpretation, where
only the accumulated charges on the donor side are consid-
ered (for reviews, see refs. 5-9).

Damping of the period four oscillations was explained
empirically by misses and double hits (4), the nature of which
has never been made fully explicit. The double hit parameter
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is mainly attributed to a double turnover of the RC induced
during the tail of the actinic flash (3, 4).

The nature of misses has not been mechanistically defined
(see, however, ref. 9). In the analysis of Joliot and Kok (3),
misses were suggested to be due either to the fraction of RCs
in which a photochemical transition does not occur or to
back-reactions that annihilate the effect of the previous flash.
Although equal misses for each transition give adequate
fitting of the observed oxygen evolution, many authors have
suggested that they may be different for each S state (e.g.,
refs. 3, 9-12) and, indeed, some improvement of the fit is
seen. However, these models have been essentially phenom-
enological in nature.

Here we suggest that misses are substantially determined
by the fraction of RCs that have either P* or Q, before each
flash, due to the reversibility of the electron transfer reac-
tions. With this underlying mechanism, the miss factor be-
comes a fundamentally informative parameter for the oxy-
gen-evolving process. Calculation of misses from this stand-
point, using available values for the equilibrium constants,
gives good predictions for flash-induced oxygen evolution.
The most important outcome, however, is recognition of two
different reaction cycles with different transition probabili-
ties and, consequently, different oxygen yield patterns in a
flash series. The relative contributions of the two cycles
depend on the initial conditions. This gives rise to an intrin-
sic, kinetic heterogeneity of PSII activity, which may con-
tribute to the large number of heterogeneities derived from
phenomenological analysis (e.g., ref. 13), only a few of which
have been shown to have a structural foundation (e.g., refs.
14 and 15).

RESULTS AND DISCUSSION

From Kok Unicycle to Bicycle. In principle, the behavior of
PSII RCs can be described by considering the states gener-
ated by an ordered sequence of the electron-transferring
components on the donor and acceptor sides:

SYzPIQj4 Qs 1

where, in addition to Q4 and Qp, S is the oxygen-evolving
complex, which can accumulate four oxidizing equivalents;
Yz is the tyrosine [TyrD1-161 (16, 17)] electron donor to
P680*; P is the primary electron donor, P680; and I is the
electron acceptor pheophytin.

After each flash, the photogenerated hole is transferred
from P680* to Yz and then to the Mn-containing oxygen-
evolving complex (reviewed in refs. 5-9). Because the flash-
induced transitions occur in the nanosecond-microsecond
time range, we can assume that after each flash the relevant
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reactions reach quasi-equilibrium on the time scale of milli-
seconds and seconds. The flash-induced transitions on the
donor side RC can then be represented as

K% Koy Klyp Kiy

hy
SoYP* &= SoY*P= S,YP| — [S,YP* = S§,Y*P = S,YP

le lhv
02

/!
S3YP* = S3Y'P = S,YP = SYP| « [S;YP* = $;Y*'P = S;YP

Kyp Kyy Ka Ky Kay
(21

Here K %p is the equilibrium constant of the transition: S,YP*
=S,Y*P(n =0, 1, 2, 3); K,y is the equilibrium constant of
transition: S,Y*P = S,.+1YP; and K is equilibrium constant
for the reaction: S;YP = SpoYP.

For the time being, we do not consider the slow transitions
of Yp [TyrD2-160 (18, 19)], an alternate donor, in the
second-minute time domain, which can reduce the oxygen-
evolving complex in some S states (reviewed in refs. 5-8).

Each flash also activates the complex of quinone acceptors
according to the following simplified scheme:

Mis Mis . Las

QaQs = QaQsH2+= QaQs|=|QaQs = Q4Q3| (3]

hy

Pheophytin, I, may also be incorporated in this scheme but
is omitted for clarity.

Light-induced electron transfer occurs from the donor side
to the acceptor side of the RC and necessitates parallel
consideration of the transitions on both sides. The fast
equilibrating states in Schemes 2 and 3 can be designated by
the letter D for the donor side and by the letter A for the
acceptor side. If we consider D as having four stable oxida-
tion states (D°, D*, D2+, D3*) and A with two states (A, A™),
then two different schemes arise by combining the transitions
of donor and acceptor sides of the RC:

hv hv hy hy
D*A— D*A™— D*A—»DA=— (Cycle V) [4]
- o, |

DAY DA™ DA s D3*Ajh\v' (Cycle W) [5]
1

'02

Each state is, in fact, a quasi-state obtained through equilib-
rium among the many elementary states of the RC, due to
reactions on the donor (horizontal transitions) or acceptor
(vertical transitions) sides of the RC, e.g.:

S3YP*QaQp = S;Y*PQAQs = S,YPQAQs = SoYPQaAQs

i ! ! N
DA =|S;YP*QAQsH; = S3Y*PQAQsH; = S;YPQAQpH; = SoYPQAQsH;
1 1 1 b

S;YP'QAQp = S;3Y'PQ Qs = S;YPQuQp = SoYPQiQ

SoYP*Q, Qs = SoY*PQ, Qs = $,YPQ,Qs

DA™= N N N m
SoYP*QaQ5 = SoY"PQaQ; = $1YPQAQ;

etc.

The quasi-states in cycles V and W are valid only after
attainment of equilibrium among the elementary RC states.
This occurs in vivo beginning from about 1 ms (1, 7, 9).
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In the well-known Kok model for S-state transitions of the
oxygen-evolving complex

So— S, Sy S35 S, (8]
L A
fast
0,

all transition probabilities, y, have the same value. It has been
common to define the S-state cycle in terms of misses (a),
which can be defined as (1 — v) in the limit of zero double hits.
If cycles V and W all have equal transition probabilities then
they degenerate to a single Kok type cycle. However, the
transition probabilities are necessarily different for cycle V
and cycle W and they do not converge to a single kinetic
cycle.

Dependence of Misses on Flash Number. Schemes 4 and 5§
consider only the case when flashes induce sequential tran-
sitions of the RC. Kok’s model also considers transitions
between RC states differing by two oxidizing equivalents on
the donor side of the RC (double hits). These are attributed
to a double turnover of the RC, induced during the tail of the
actinic flash, and are enhanced by oxidation of the iron atom
(Quo0; see ref. 20) of the quinone acceptor complex. In
principle, they can be minimized (21) or even eliminated (22),
and for clarity we will not consider them here. However, they
can easily be incorporated in cycles V and W. Focusing on
misses, therefore, we first consider cycle W:

DAl:) D*A~ 1‘: D2+Al’: D’*A": 91
(VI V) 3) (C))
1 "\o

The transition probabilities y} (k = 0, 1, 2, 3) are propor-
tional to the probability that the RC is in the state with reduced
primary donor and oxidized primary plastoquinone acceptor:

Yk < [P680 Qalvefore fiash (10]

This can be determined from the equilibrium within the
quasi-states, such as 6 and 7. Prior to equilibration, misses can
arise from charge recombination, as suggested by Joliot and
Kok (3) and Bouges-Bocquet (9). This source of misses can be
dealt with by a kinetic extension of the quasi-equilibrium
model presented here and will be elaborated elsewhere. Here,
we wish to emphasize the contributions from the inherent
equilibria on the donor and acceptor sides of the RC and the
consequences of the parallel cycles, V and W.
In the quasi-state

K% Koy
SoYP*QAQp = SoY PQ,Qp = S1YPQ,Qp

D*A™=| fLas N Las NLag [11]

SoYP"QaQp *——: SoYPQAQs = S,YPQAQp
XS, Koy

a light-induced transition can occur only in states SoY *PQa-
Qg and S;YPQAQg, all other states having oxidized P680 or
reduced Q4. The relative concentration of these two states
can be calculated considering equilibrium in the quasi-state of
Eq. 11:

y=Q1-e?)PQua=(1-e¥)PQa

o1>>1 K%p(1 + Koy) Las
1+ Kp(1 + Kogy) 1+ Lag’

[12]
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where ¢ is the quantum yield of charge separation, I is
intensity of the flash, and PQ, is the relative concentration of
the RC states with reduced P680 and oxidized Q4 , normalized
to the concentration of all elementary states of the quasi-state
[11]. So long as the electron transfer equilibria on the donor
and acceptor sides occur independently, [PQa] = [P]{QAl.

Expressions similar to Eq. 12 can be derived for the
transition probabilities ;' and y} between all RC quasi-states
in cycles W and V. Values for some of the equilibrium
constants necessary to calculate the transition probabilities
are available or can be estimated from the literature. How-
ever, it must be admitted that discrepancies exist between
different methods for determining the constants. The most
marked of these comes from comparison of the rates of
recombination of S,Q4 and P*Qj, which can be taken to
indicate an overall equilibrium constant for S,YzP* & S,Y2P
of = 10% (9). However, the decay kinetics of both states are
widely reported to be polyphasic (e.g., ref. 23) and vary
substantially in different preparations. Some representative
values for the equilibrium constants of individual donor side
reactions are listed in Table 1. The important point is that
assays of P680* recovery show a measurable fraction of P680
to remain oxidized after a flash and that this fraction is larger
after the second and third flashes (26, 28, 30). Thus, K%p and
K%p are not large. Many of the equilibrium constants on the
donor and acceptor sides of RCs also depend on pH, giving
rise to pH dependence in the transition probabilities for
cycles V and W. However, this does not simply reflect the
measured proton-release stoichiometries of the water-
oxidizing processes, which are associated with the net tran-
sitions between S states (e.g., ref. 31).

The difference between the two cycles is most evident from
comparison of misses rather than transition probabilities.
Fig. 1 shows the misses calculated in V and W cycles for
transitions D° — D!+, D!+ — D2+, D?* — D3+, and D3+ —
DO, respectively. The intrinsic miss factors (i.e., ¢I — )
differ manyfold for the two cycles.

Hence, there are two different period four cycles for RCs
of PSII, functioning with different transition probabilities.
This may be considered a type of phase-related heterogeneity
of PSII RCs.

Time Dependence of the RC Transitions Between Flashes. As
suggested by Joliot and Kok (3), misses may be due either to
the fraction of RCs in which photochemical transitions do not
occur or to reactions that annihilate the effect of light. We
consider now the latter case. In the previous analysis, we
assumed that there are no transitions between different

Table 1. Values of the equilibrium constants of different
transitions on the donor and acceptor sides of RC

Transition Equilibrium constant Ref(s).
Donor side of RC
YZzP680+ « Y3 P680
(inactive in O, X { 18-600 (pH 5-7.5) 24
evolution) YP SEHT) 25
(So) K%p 30(pH7.5) 26
(S1) %) { 30pH7.5) 26
YP T7@PHT5) 27
S2) Kip 2-5(pH 7.5) 26,28
S») K{p 2-5S(pH 7.5 26,28
SoYZz © S1Yz Koy >102 5
S1YZ © S;Yz Kiy 9(PH7.5) 22
S;YZ & S;Yz Ky SEeH75) 22
+
P ] KsvKio SEHTS) 2
Acceptor side of RC
QaQs <> QaQs Las 3.5-95 (pH 8.5-6) 29
QaQs < QaAQsH: Mis
QaQeH; © QAQs } Mg > @EH7) 1
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0.2

Miss

Flash number

Fi1G.1. Values of intrinsic misses (i.e., for 100% flash saturation)
in cycles V and W for transitions D°— D!+, D1+ — D2+, D2+ — D3+,
and D3+ — DO, respectively, calculated from Eq. 12 and similar
expressions for y, 72, and ;. The equilibrium constants were as
lis@tidinTable 1, with Lop = 9.4, K%p = 30, K{p = 30, K¢p = 4, and
K¥p = 4.

quasi-states of the RC (defined as sets of fast-equilibrating
elementary states) except those induced by light. We now
generalize this to include transitions of the RC during the time
between flashes, thereby incorporating slow relaxations of
the S states of the oxygen-evolving complex and oxidation of
the plastoquinone acceptor complex.

For return of the electron from the acceptor side to the
donor side (recombination), the dark relaxation occurs within
a given cycle. However, uncorrelated reactions—e.g., with
exogenous oxidants and reductants—will induce transitions
between quasi-states of different cycles and will mix cycles
V and W (for clarity the states DA and DA~ are shown twice):

) (v)) ()] @ (¢V]
DA «D*A~ D**A < D*A~ DA (cycle W)
2 tvevt 2%t vt o~ [13]
DA~ D'A<«D**A~ D*A DA~ (cycle V)
® ®) ©) (Y] ®

Here the vertical arrows indicate reduction of the donor side,
the diagonal arrows indicate oxidation of the quinone accep-
tor complex, and the horizontal arrows indicate back-reac-
tions. The extent to which the two cycles mix also depends
upon endogenous (e.g., Q400, the iron atom of the acceptor
quinone complex, and Yp, a second tyrosine donor to P680+)
as well as exogenous factors and on the flash repetition rate.
In practice, involvement of Yp can be minimized by use of
flash repetition rates faster than about 1 s~! (32). The time
dependence of the mixing can be modeled explicitly, in the
same manner as described for the period two oscillations of
the bacterial acceptor quinone complex (e.g., ref. 33).

The existence of two entire and separate cycles in charge
accumulation by PSII changes the description of all processes
occurring in PSII. We now consider the consequences of our
model for the behavior of the quinone acceptors, oxygen
evolution, and delayed fluorescence. A significant fraction of
RC:s of PSII does not exhibit binary oscillations and does not
evolve oxygen under normal experimental conditions (e.g.,
refs. 14 and 15). Obviously these are excluded from our
analysis.

Binary Oscillations of Q5. In spite of the similar two-
electron nature of Qg in PSII and bacterial RCs, the depen-
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dence of misses on flash number, with periodicity of four,
immediately indicates a more complex behavior of Qg in
PSII. The quantum yield of Qg generation is modulated by
the dependence of P* on flash number. For example, for the
values of equilibrium constants used above (Table 1), and for
95% flash saturation, the transition probabilities of the ac-
ceptor side will be

0.94 0.85 0.87 0.84
(QaQp) = (QAQB)™ ™ (QaQp) ™ (QAQB)——I (Cycle V) [14]
1

0.94 0.85 0.94 078
(QaQp) = (QAQB)™ ™ (QAQp) — (QAQB)_—l (Cycle W) [15]
1

Hence, to fully describe the behavior of Qg it is necessary
to indicate the state of the oxygen-evolving complex.

Oxygen Evolution. Fitting oxygen flash yield patterns by
the Kok model is frequently done with initial conditions Sy =
25% and S; = 75%, although this is partially due to the artifact
of one-time donation from Yp to the donor side charge
accumulator (32, 34). If one assumes that after dark adapta-
tion the quinone acceptors are oxidized, these initial condi-
tions refer to the different cycles: 75% to the V cycle and 25%
to the W cycle (see Schemes 4 and 5). Thus, the experimen-
tally observed oxygen evolution must be fitted with a mixture
of the two independent cycles. However, under optimal
conditions for oxygen evolution (pH 6.5-7.5), both cycles
predict similar flash yield patterns and good fits can be
obtained within each independent cycle, with the initial
conditions of 25% D° and 75% D'* (e.g., Fig. 4A). Fig. 2
shows the fit of cycle V to the experimental flash yield
pattern, using the equilibrium constants given in Table 1,
taken from the literature. For best fit to these experimental
data, 10% double hits were included on the first flash and 2%
on the second flash. These double hits are largely attributable
to a small percentage of Qo0 (0xidized iron) (20), which is a
one-time event on the time scale of the flash period. This
source of double hits is irrelevant to the comparison of the
two S-state cycles discussed here and will be ignored in the
following.

Although the oxygen yield pattern is relatively insensitive
to the different values of misses for the two cycles at pH
values near neutral, significant differences are expected
under more extreme conditions, where some of the equilib-
rium constants become small. For example, Fig. 3 shows the
oscillations in oxygen evolution calculated for the transition

1

Oxygen evolution

EEEEIREEILY

FiG. 2. Flash-induced oxygen evolution calculated from the
model with equilibrium constants as for Fig. 1 and 98% flash
saturation (solid line). The distribution of the states at the beginning
of the flash series was assumed to be Sp = 0.25 and S; = 0.75. Double
hit is 0.1 for the first flash and 0.02 for the second. Experimental data
on oxygen evolution from ref. 10 are shown by squares.
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probabilities expected at pH 8.5, where the electron transfer
equilibrium between Qj and Qp is small [Lap = 3.5 (29)].

In addition to predicting differences in the observed oscil-
lating pattern, the model makes the important, conceptual
point of recognizing two parallel S-state cycles and provides
a natural way to interpret and estimate misses through the
equilibrium constants on the donor and acceptor sides, which
can be determined independently. The necessary conclusion
is that misses are different for each flash and even depend on
the initial conditions—e.g., in which cycle the RC was
located before the flash series.

Delayed Fluorescence. At times shorter than a few hundred
microseconds after a flash, production of delayed fluores-
cence is dominated by a fraction of RCs that are inactive in
O, evolution (26). At longer times, however, the intensity of
the delayed fluorescence is proportional to the active popu-
lation of RCs with oxidized P680 and reduced Q4 (35):

L « [P*Qa] = [P*][QxD).

Unlike oxygen evolution, which accompanies only one tran-
sition (D3* — DY), the intensity of delayed luminescence is an
indicator of each transition and shows extreme sensitivity to
the type of kinetic cycle. Fig. 4 shows the pattern of oxygen
evolution and delayed luminescence precursor (P*Qj3), both
calculated for cycles V (dashed line) and W (solid line) for the
same set of parameters. To show the differences most clearly,
they are drawn in the same phase with respect to oxygen
evolution. It is evident that, even under conditions where the
difference in the oxygen evolution of the two cycles is
minimal (Fig. 4A4), the flash dependence of the intensity of
delayed fluorescence exhibits completely different behavior
(Fig. 4B).

CONCLUSION

Descriptions of oxygen flash-induced patterns and related
phenomena of PSII have commonly employed equal miss
factors for different flash numbers, although several authors
have suggested that they may be different for each S state
(9-12). In some cases, 2-fold periodicity of these parameters
has been noted (e.g., ref. 12), but the specific association of
this behavior with the coupling of the donor and acceptor side
reactions has not been made previously. We suggest that the
reversibility of the electron transfer processes on the donor

14

0.5

Oxygen evolution (normalized)

3TMH‘HHMHMHHT

0 8 10 12 14 16
No. of flashes

18 20

FiGc. 3. Calculated flash-induced oxygen evolution in cycle V
(solid line) and cycle W (dashed line) with equilibrium constants as
in Fig. 1 and Lap = 3.5 and 95% flash saturation. For comparison,
the two curves are aligned by advancing the W cycle with a one-flash
phase shift.
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Delayed fluorescence
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FiG. 4. Flash-induced oxygen evolution (4) and delayed fluorescence (B) calculated for cycle V (solid line) and cycle W (dashed line) for
the set of equilibrium constants as in Fig. 1 with Lag = 18 and 95% flash saturation. The two cycles are aligned by a one-flash phase shift

advancing cycle W.

and acceptor sides is the main factor leading to damping of the

‘period four oscillation in the oxygen evolution. The model
‘makes explicit the conclusion of Joliot and Kok (3) concern-
ing the transitions on the donor and acceptor sides in oxygen
evolution. Thus, the formal misses introduced by Kok et al.
(4), for saturating flashes, are interpreted as the probability to
find RCs in the state either with oxidized P680 or with
reduced Q4. This effect is largely responsible for the damping
of period four oscillations in oxygen evolution. Because of
the different equilibrium constants involved in different
states of the donor and acceptor complexes, the misses
calculated from this assumption are different for different
states of the RC. Conversely, the miss factor becomes a
source of information on the S-state-dependent electron
transfer equilibria. Combining the period two cycle of the
acceptor reactions with the period four cycle on the donor
side produces two distinct cycles, each with periodicity of
four but with different values of misses. The binary oscilla-
tions of the secondary quinone acceptor in these cycles also
have different damping parameters. Hence, even the simplest
kinetic model considered here implies an inherent heteroge-
neity in the flash-induced pattern of PSII RCs.
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