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Model for the Fluorescence Induction Curve of Photoinhibited Thylakoids
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ABSTRACT The fluorescence induction curve of photoinhibited thylakoids measured in the presence of 3-(3,4-dichloro-
phenyl)-1,1-dimethyl urea was modeled using an extension of the model of Lavergne and Trissl (Biophys. J. 68:2474-2492),
which takes into account the reversible exciton trapping by photosystem Il (PSll) reaction centers and exciton exchange
between PSII units. The model of Trissl and Lavergne was modified by assuming that PSII consists of photosynthetically
active and photoinhibited (inactive in oxygen evolution) units and that the inactive PSII units can efficiently dissipate energy
even if they still retain the capacity for the charge separation reaction. Comparison of theoretical and experimental
fluorescence induction curves of thylakoids, which had been subjected to strong light in the presence of the uncoupler
nigericin, suggests connectivity between the photoinhibited and active PSII units. The model predicts that photoinhibition
lowers the yield of radical pair formation in the remaining active PSIl centers. However, the kinetics of PSII inactivation in
nigericin-treated thylakoids upon exposure to photoinhibitory light ranging from 185 to 2650 wmol photons m~2 s~ was
strictly exponential. This may suggest that photoinhibition occurs independently of the primary electron transfer reactions of
PSII or that increased production of harmful substances by photoinhibited PSII units compensates for the protection afforded

by the quenching of excitation energy in photoinhibited centers.

INTRODUCTION

Illumination of chloroplasts causes inactivation of electron
transfer through photosystem II (PSII) and subsequent
breakdown of the D1 reaction center protein (for recent
reviews see Prasil et al., 1992; Aro et al., 1993; Chow,
1994). This type of PSII inactivation is called photoinhibi-
tion. High-light induced photoinhibition is accompanied by
quenching of maximum (F,,) and variable (F,,) fluorescence
(see Krause and Weis, 1991). The photoinhibitory quench-
ing of fluorescence is most probably caused by increased
thermal dissipation of excitation energy in the photochem-
ically inactive (photoinhibited) PSII centers (Powles and
Bjorkman, 1982; Giersch and Krause, 1991; Renger et al.,
1995). Such increased thermal dissipation has often been
suggested to protect the remaining active PSII centers from
photoinhibition (Oquist et al., 1992; Anderson and Aro,
1994; Chow, 1994; Krause, 1994), although the first-order
kinetics of photoinhibition lends no support to the idea of
protection (Tyystjéarvi et al., 1994). One of the purposes of
this study was to find a theoretically and experimentally
solid basis for estimating the effect of efficient thermal
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dissipation in the photoinhibited PSII centers on the primary
reactions carried out by the remaining active PSII units.

Efficient energy migration between PSII units manifests
itself in the typical sigmoidal shape of the fluorescence
induction curve measured in the presence of DCMU. Only
so-called PSII, units have a capacity for such energy trans-
fer (Melis and Homann, 1976). It has been suggested that
the connectivity between active and photoinhibited PSII,,
units is retained, resulting in a quasi-linearity between the
F,/F\; ratio and proportion of active PSII (Giersch and
Krause, 1991).

Lavergne and Trissl (1995; Trissl and Lavergne, 1995)
have built a novel model for fluorescence induction taking
into account reversible exciton trapping by PSII reaction
centers and exciton exchange between PSII units. In the
present study we extend this model to photoinhibited thy-
lakoids by assuming that photoinhibited reaction centers do
not trap excitons but efficiently dissipate the absorbed light
energy in a non-radiative way. Comparison of theoretical
and experimental fluorescence induction curves of thyla-
koids subjected to strong light supports the hypothesis of
connectivity between the photoinhibited and active PSII
units.

For the case of continuous strong illumination our model
predicts that photoinhibition causes a decrease in the effi-
ciency of primary charge separation in the remaining active
PSII. Analysis of kinetics of PSII inactivation revealed,
however, no evidence for the protective role of the photo-
inhibited PSII centers. This apparent contradiction might be
extricated by suggesting (1) that primary photosynthetic
reactions do not play a major role in the mechanism of PSII
photoinhibition in thylakoids, or (2) that the primary elec-
tron transfer reactions still occurring in some of the photo-
inhibited PSII centers induce inhibition of the remaining
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active centers, and the efficiency of the inhibitory process
matches the protection afforded by the same centers.

MATERIALS AND METHODS

Pea (Pisum sativum L.) plants were grown in 16 h light/8 h dark rhythm in
a phytotron under the relative humidity of 70% and temperature 20°C. The
photon flux density during the light phase was 350 wmol photons m s~ ',
Routinely, the leaves of 3- to 4-week-old plants were harvested at the end
of the dark period and then cooled for 1-2 h in darkness at 2°C before
thylakoid isolation. Light-adapted leaf material was, however, used in
experiments in which D1 protein degradation was measured.

Thylakoids were isolated as described earlier (Tyystjarvi, 1993) and
finally suspended in a medium containing 0.3 M sorbitol, 40 mM Hepes-
KOH (pH 7.6), 10 mM KCl, 10 mM NacCl, S mM MgCl,, | mM KH,PO,,
and 0.1% BSA. The uncoupler nigericin (I uM) was included in the
medium to prevent the light-induced formation of pH gradient across the
thylakoid membrane and development of energy-dependent excitation
quenching (qE). Isolated thylakoids were stored in darkness on ice and
used for the experiments within 4 h after preparation.

The photoinhibitory treatment was then performed by exposing 20-25
ml of the thylakoid suspension (20 wg Chl ml~") to white light from a slide
projector. During the treatment the thylakoid suspension was kept in a
S-cm circular dish at controlled temperature (+1 or 18°C) and continu-
ously stirred with a magnetic bar.

Oxygen evolution was measured at 25°C with a Hansatech oxygen
electrode (Hansatech, King’s Lynn, UK). Continuous light was provided
by a KL 1500 illuminator (Walz, Effeltrich, Germany) through two fiber-
optic bundles positioned on opposite sides of the O, measuring chamber
that contained the thylakoid samples diluted to 5 wg Chl ml~' in the
medium described above (without BSA) and 0.2 mM BQ as an electron
acceptor. Under saturating light the thylakoid preparations evolved oxygen
at typical rates of 310 = 20 umol O,/(mg Chl h).

To characterize the amount of functional PSII centers, 310 ul of the
thylakoid suspension concentrated to 100 wg Chl ml~" was illuminated in
the presence of 0.4 mM BQ in the oxygen electrode cuvette with a FX-200
flash lamp (EG&G Optoelectronics, Salem, MA) operated at a frequency
of 10 Hz and flash energy 1.44 J/flash. A plexiglass rod was used to guide
the flashlamp light to the thylakoid suspension from the top. The thylakoid
suspension layer was ~2 mm thick. By performing the same measurement
at lower flash energy, it was assured that the intensity of flashes was high
enough to saturate PSII electron transfer in the thylakoid sample.

Fluorescence induction of thylakoids was measured using a Walz PAM
101 fluorometer (Walz, Effeltrich, Germany). Thylakoid suspension (20
g Chl ml™") was placed in a 0.4 ml Walz cuvette, incubated for 3 min in
darkness in the presence of 10 uM DCMU, and then illuminated for 3 s
with actinic light emitted by PAM 102 L LED lamp (light intensity 20
umol photons m~2s™ "), FIP fluorescence software, and ADC-12 card
(Qa-Data, Turku, Finland) were used to drive the fluorometer and to
analyze the results. Decomposition of the fluorescence induction curves
into exponential and non-exponential components was done as described in
Lavergne and Trissl (1995).

Separation of the polypeptides by SDS-PAGE, immunodetection, and
quantification of the D1 protein were performed essentially as in Rintaméki
et al. (1994). Light intensity was measured with a Licor Quantum Pho-
tometer LI-185B (Li-Cor, Lincoln, NE). Chl concentration was determined
in 80% acetone extract according to Porra et al. (1989).

RESULTS
Oxygen evolution measurements

Typical changes in the light-saturated rate of O, evolution
in thylakoids subjected to photoinhibitory light in the pres-
ence of the uncoupler nigericin are shown in Fig. 1. Under
all the photoinhibitory light intensities the kinetics of PSII
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FIGURE 1 Inhibition of PSII oxygen evolution during illumination of
thylakoids with 2650 (@), 750 (H), 410 (A), and 185 (®) wmol photons

m~2 s~ ! at 18°C. The residuals indicate the difference between the exper-

imentally measured values and the corresponding values predicted from the
best fit to a first-order equation. Oxygen evolution was measured with a
continuous saturating light in the presence of 0.2 mM BQ. Incubation of
thylakoids in darkness for 80 min caused a 10% decrease in their oxygen-
evolving capacity. The inset shows the relationship between the calculated
rate constant of photoinhibition (kp;) and the photoinhibitory light intensity
(PFD) expressed in mmol photons m~2 s~ '. The bars indicate SD and they
are drawn if larger than the symbols.

inactivation was nearly single-exponential and the calcu-
lated rate constants for photoinhibition, kp;, were directly
proportional to the photoinhibitory light intensities (see
inset to Fig. 1). This is in agreement with previously pub-
lished results obtained with different PSII preparations
(Tyystjarvi et al., 1994) and with intact leaves (Tyystjarvi
and Aro, 1996) photoinhibited in the absence of uncoupler.
Some deviation from a single-exponential decrease in PSII
activity was observed only at light intensity of 2650 pmol
photons m~ % s~ ! after prolonged illumination, when >80%
of PSII centers were inactivated. Fig. 2 shows that the
decrease in the light-saturated rate of O, evolution mea-
sured under continuous illumination is almost directly pro-
portional to the decrease in the rate of O, evolution mea-
sured using a train of saturating single-turnover flashes. The
rate of the flash-induced O, evolution is a direct measure of
the concentration of the functional PSII centers. Using iso-
lated PSII particles, Satoh and co-authors (1995) have
shown that BQ has a low affinity to the Qg-binding site and
hence it accepts electrons predominantly through the plas-
toquinone pool. Considering that only Qp-reducing centers
can donate electrons to the plastoquinone pool, and that the
majority of Qg-reducing centers are of PSII,, type (Guenther
et al., 1990), the photoinhibitory decrease in BQ-dependent
O, evolution observed in pea thylakoids reflects mainly the
kinetics of inactivation of the PSII units.

Fig. 3 shows a comparison of the normalized light-re-
sponse curves of O, production in control and photoinhib-
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FIGURE 2 Comparison between the inhibition of PSII oxygen evolution
(measured with continuous saturating light) and decrease in the concen-
tration of functional PSII in photoinhibited thylakoids (measured as flash-
induced oxygen evolution). Thylakoid suspension (20 wg Chl/ml) was
subjected to photoinhibitory light of 600 wmol photons m ™2 s~ ' (18°C).
Before the photoinhibition treatment and at 30- and 60-min time-points,
aliquots were taken from the suspension and diluted to 5 ug Chl/ml or
concentrated to 100 wg Chl/ml to measure oxygen evolution under satu-
rating continuous light and to determine the concentration of functional
PSII, respectively. The concentration of functional PSII centers in thyla-
koids was determined by measuring oxygen evolution in response to a 10
Hz train of saturating single-turnover flashes after adding 0.4 mM BQ as
an electron acceptor. Each data point represents the mean of three inde-
pendent experiments. The bars indicate SD and they are drawn if larger
than the symbols.

ited thylakoids. Under limiting light, the quantum efficiency
of O, evolution normalized to the proportion of active PSII
centers was slightly higher in thylakoids photoinhibited for
15 min compared to the non-photoinhibited controls.

Characterization of the model for
fluorescence induction

The model calculations were based on a modification of the
procedure described by Lavergne and Trissl (1995). The
model assumes a rapid exciton equilibration among all
antenna pigments of an individual PSII unit and reversible
exciton trapping by open and closed reaction centers
(Schatz et al., 1988); exciton exchange between separate
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FIGURE 3 Normalized light-response curves of oxygen evolution for
control thylakoids (M) and thylakoids photoinhibited for 15 min at 750
wumol photons m~2 s~ ' at 18°C (A). Each data point represents the mean
of five independent experiments. Bars, drawn if larger than symbols,
indicate SD. Oxygen evolution was measured with continuous saturating
light. The maximum rates of oxygen evolution were 280 and 150 wmol
O,/(mg Chl h) in control and photoinhibited samples, respectively.
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PSII units was described by macroscopic rate constants. The
following assumptions were additionally made to describe
the primary processes in PSII, in thylakoids pre-subjected
to photoinhibitory light.

1. PSII is comprised of photosynthetically active units and
units that are inactive in oxygen evolution (photoinhib-
ited) (Giersch and Krause, 1991);

2. Properties of the active PSII units remain unchanged in
the course of photoinhibitory treatment;

3. The photoinhibited PSII units efficiently dissipate en-
ergy irrespective of their ability to perform the primary
charge separation;

4. Photoinhibited and active PSII units have similar an-
tenna size.

A corresponding kinetic model based on the above assump-
tions is illustrated in Fig. 4. The reactions are characterized
by a set of first-order rate constants, namely & for mono-
molecular energy losses in antenna (k,, includes kg, the
energy losses by the radiative pathway), k, and k_, for
trapping and detrapping excitation energy by the active PSII
units, k, for charge stabilization, and k; for non-radiative
energy losses from the radical pair of active PSII. The
superscript “INH” is used to indicate the photoinhibited
PSII. Superscripts “OX” and “RED” are reserved for active
PSII containing oxidized or reduced Q,, respectively. For
active PSII we assume that k,°% = k5P (=k5CT) and
k9% = KREP (=k4CT) (Leibl et al., 1989; Roelofs et al.,
1992), where the superscript “ACT” refers to active PSII
centers without regard to the reduction state of their Q4.
Calling o the fraction of open centers, r the fraction of
closed centers, and i the fraction of photoinhibited centers
(o + r + i = 1), the macroscopic rate constants for interunit
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FIGURE 4 Kinetic model for the primary reactions within a system of
open, closed, and photoinhibited PSII, units. R stands for the radical pair
and U stands for the antenna system of a PSII unit. Superscripts “OX” and
“RED” denote photochemically active PSII units in an open and closed
state, respectively. The superscript “INH” denotes the photoinhibited PSII.
The rate constants represent processes as described in the text (see also
Appendix for the list of symbols).
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energy transfer from active PSII units in the open state to
active PSII units in the closed state and vice versa are rk/C"
and ok2CT, respectively; the rate constants for interunit
energy transfer from active PSII units (open state) to pho-
toinhibited units and vice versa are ik'\'* and ok'™"!, respec-
tively; and the rate constants for interunit energy transfer
from active PSII units (closed state) to photoinhibited units
and vice versa are ix'N'" and ri'™" respectively.

As pointed out (Dau, 1994; Lavergne and Trissl, 1995),
the reaction scheme shown in Fig. 4 turns out to be equiv-
alent to a scheme with irreversible trapping processes (Fig.
5) described by a set of effective rate constants of energy
conversion A™H, kX and AREFP. Analytical expressions
linking these effective rate constants and the rate constants
of the reactions shown in Fig. 4 are listed in the Appendix
(Egs. 1 and 2). The main advantage of the second scheme is
that for this case an analytical solution for the fluorescence
induction kinetics can be derived and expressed as a func-
tion of the rate constants characterizing the inter- and intra-
PSII elementary reactions, proportion of the photoinhibited
units, and rate of light absorption by individual PSII.

Analysis of experimental induction curves

The photoinhibitory treatment of thylakoids at 750 wmol
photons m ™2 s~ ' caused a significant decline in F,, and
slow rise in F,, resulting in a decrease in Fy,. Using a fitting
procedure described by Lavergne and Trissl (1995), the
measured variable component of the fluorescence induction
was decomposed into « and B contributions by adjusting
five parameters (i.e., Oy, 1,94, $, (1 — i), ®yg", and
Il g see Egs. 15-17). The result of this analysis shows that
the experimental traces of fluorescence induction measured
in thylakoids preexposed to strong light for different time
periods, and therefore having different proportions of the
photoinhibited PSII, can be reasonably well approximated
by the theoretical curves composed of sigmoidal («) and

exponential () components (Fig. 6, 4-D). The parameters

FIGURE 5 Irreversible branched decay scheme equivalent to the exciton
radical pair model shown in Fig. 4. The analytical expressions linking the
effective rate constants K™, k9% and AREP to the rate constants describing
the charge separation reactions depicted in Fig. 4 are listed in the Appendix
(Egs. 1 and 2).
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FIGURE 6 (4-D) Examples of experimental fluorescence induction
curves (solid lines) and the results of decomposition of the variable part of
these curves into nonexponential («) and exponential (8) components. The
dashed lines show the corresponding individual contributions of the a and
B components and the dotted lines indicate the sum of the « (upper curve)
and B (lower curve) components. The residuals show the difference be-
tween the experimental curve and the calculated sum of the o and
components. (E) Effect of light treatment of thylakoids on changes in the
complementary area of fluorescence induction calculated for « (A) and
(M) components. The fluorescence traces were recorded from the thyla-
koids photoinhibited with 750 umol photons m~2 s ! at 18°C for 0 (4), 15
(B), 25 (C), and 45 (D) min (0, 35, 53, and 74% inhibition of light-saturated
oxygen evolution, respectively). Five parameters (®V25, ., (1 — iy), LA,
I g, and OYFY) were adjusted to obtain to the best correlation between the
experimentally measured curves and those predicted by the theory (Egs.
15-17). The fitted parameter values were further used for calculation of the
complementary areas (E).

obtained were further used to calculate the complementary
areas of « and S contributions. These calculations revealed
that both PSII,, and PSII centers were gradually inactivated
under strong light (Fig. 6 E), but the maximum complemen-
tary area of the o component decreased faster than that of
the 3 component.

One of our objectives was to look for connectivity be-
tween the photoinhibited and active PSII, units from the
analysis of the shape of the fluorescence induction curves.
This can be done by constructing theoretical induction
curves from the known values of the rate constants for the
primary PSII reactions using Egs. 8, 15, and 16 (see Ap-
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pendix), and comparing them to the experimental traces of
fluorescence induction recorded from the photoinhibited
thylakoids.

If i = 0 (non-photoinhibited thylakoids), eight rate con-
stants are required to compute P, and ®,, yields and
®,,/Dy, ratio, whereas additional knowledge on the values
for the rate constant for interunit exciton transfer, k2", and
the rate of exciton creation in PSII units, I, are needed to
compute the kinetics of fluorescence rise caused by Q4
reduction in the PSII, centers. Following the approach
suggested in Lavergne and Trissl (1995; Trissl and La-
vergne, 1995) we took the values for the rate constants of
primary PSII reactions (except for k4¢T) from (Roelofs et
al., 1992) and determined the parameter k4" so that the
calculated ®,,/®,, ratio agreed with the F,/F,, value mea-
sured from the non-photoinhibited thylakoids. After a cor-
rection for contribution of PSI fluorescence, which has been
estimated to comprise ~25% of F value (Trissl and La-
vergne, 1995), the k4" was calculated to be (1.65 ns)~'. The
values for k2T and I, were set equal to (0.25 ns)” ' and 17.5
s~ ! to obtain the best correlation between the theoretical and
experimental o components of fluorescence induction (Fig. 7).

When i > 0 (photoinhibited thylakoids), the following
additional constants are needed: the rate constant for exciton
transfer between the photoinhibited and active PSII units
(K™™)_ the rate constant for energy losses in the photoin-
hibited PSII units (k'"), and the rate constant for radiative
energy losses in the photoinhibited PSII units (k,™'"). We
assumed that the rate constant of fluorescence does not
change during photoinhibition (k"' = k4T) and that &N
can take any value between 0 and k25T, For simplicity, we
restricted the treatment to two extreme cases, kN’ = kACT
and &' = 0, which corresponds to the case where the
photoinhibited centers are fully coupled to the active centers
or fully uncoupled from them, respectively.

The value of K" was estimated on the basis of the
gradual F increase that accompanied the photoinhibitory
treatment of thylakoids. To account for the contribution of
the photoinhibited PSII,, to the changes in fluorescence, we
assumed that fluorescence yield of PSI is constant during
the high-light treatment. Since the complementary area of
both PSII,, and PSIl; components decreased during photo-
inhibitory illumination of nigericin-treated thylakoids (see
Fig. 6 E), we also assumed for simplicity that PSII,, and
PSlI; have similar sensitivity to photoinhibition and con-
tribute to gradual rise in F proportionally to their light-
harvesting capacity. After these corrections the value of
KN™ was found to be ~(0.46 ns)~'. Fig. 7 4 compares
theoretical curves and experimental data about Fg (for
PSII, + PSIlg) and Fy of PSII, in different stages of
photoinhibition, and Fig. 7, B—E show normalized traces of
the o component of fluorescence induction. The results clearly
demonstrate that the model predictions fit the experimental
data well if KN" is close to k2CT, suggesting a good connec-
tivity between the photoinhibited and active PSII centers.

Next we tested the effect of photoinhibition on the effi-
ciency of formation of the charge separated state using Eqs.
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FIGURE 7 Comparison of theoretical predictions based on the model
shown in Fig. 4 with experimental data obtained for thylakoids photoin-
hibited for different periods of time with 750 wmol photons m~2 s~ ! at
18°C. Parameters for a-centers used for the theoretical calculations: k9% =
(0.33 ns)~ !, k9% = (3.33 ns) ™!, k9% = (1000 ns) !, k9% = (0.44 ns)”",
KRED = (213 ns)™!, AR5 = (2.94 ns)™!, KSEP = (1.0 ns) ™!, ky = (18
ns) ! were taken from Roelofs et al. (1993); k2T = (0.25 ns) !, k5°T =

(1.65ns)~", KNH = (0.46 ns) ™", as calculated in this study. The proportion
of photoinhibited PSII centers was estimated by measuring the rate of
oxygen evolution in thylakoids with continuous saturating light. (4) Rela-
tionship between Fq, (PSII, + PSIlIp), Fy, (PSII,), and proportion of the
photoinhibited PSII (i). The solid line shows model calculations for AN =
(0.26 ns) ! and the dotted line shows calculations for kn'' = 0 with i taken
as a variable. The experimentally measured points for F, (open symbols)
are shown after subtraction of the constant contribution of PSI fluorescence
(25% of the experimental F). Points pointed by arrow indicate the Fg
values measured in thylakoids subjected to the strong illumination for 90
and 150 min, respectively. Closed symbols show values of variable fluo-
rescence Fy, (PSII,) obtained after decomposition of the recorded fluores-
cence induction curves into the « and 3 components, as described in the
legend to Fig. 6. Different types of symbols (i.e., circles, squares, and
triangles) are reserved for different independent experiments. (B—E) Nor-
malized traces of fluorescence induction for PSII, in photoinhibited thy-
lakoids calculated for KN" = (0.26 ns) ™' (dashed line), kN = 0 (dotted
line), and derived from the experimentally measured, as described in the
legend to Fig. 6 (solid line). The proportion of photoinhibited PSII units i
was 0 (B), 0.32 (C), 0.52 (D), and 0.74 (E). The error residuals are drawn
with the same line type as the fitted curve.

20 derived as shown in the Appendix. In this analysis we
heeded only the case when all the active PSII centers were
in the closed state (o = 0) since even the onset of photoin-
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hibitory light of lowest intensity used in this study (185
wmol photons m ™2 s~ ') caused closure of almost 100% of
the active PSII in isolated thylakoids due to the lack of
efficient oxidation of the plastoquinone pool. Fig. 8 displays
the relationship between the steady-state concentration of
the radical pairs formed under continuous illumination in
the active PSII centers (R/rI) and the degree of photoinhi-
bition. Normalization to the proportion of the active PSII
(r = 1 — i) was used to facilitate comparison of the yields
obtained at different proportions of inhibited centers. The
model calculations clearly demonstrate that the efficiency of
the radical pair formation decreases when photoinhibition
proceeds.

D1 protein degradation and changes in the
fluorescence yield

When isolated thylakoids were exposed to the photoinhibi-
tory light at +1°C, no degradation of the D1 protein took
place despite pronounced inactivation of PSII activity evi-
denced by a lowered F,/F,, ratio (Fig. 9). However, if
thylakoids that had been inactivated in the cold were trans-
ferred to 18°C in complete darkness, the degradation of the
D1 protein proceeded without any further changes in F, and
Fy; fluorescence yields and PSII activity. Contrary to the
experiments described in previous sections, degradation of
the DI protein was measured in thylakoids isolated from
light-adapted leaves because, according to our observations
(data not shown), the disappearance of the D1 protein in the
dark after the low-temperature photoinhibition of thylakoids
is retarded if these thylakoids are isolated from dark-
adapted leaves.

DISCUSSION

Photoinhibitory inactivation does not seriously alter the
connectivity of PSII,, as evidenced by a good agreement
between the modeled and experimentally measured traces of
fluorescence induction with the assumption that AN =

CT

5x107"°

4x10"°
3x10™" \
2x10™"°

1x10™°

R/1(1-1)

0

0 02 04 06 08 10
fraction of inactive PSII (i)

FIGURE 8 The calculated relative efficiency of formation of the charge
separated state (R/I r) as a function of the proportion of the photoinhibited
PSII (i). Calculations were done according to Egs. 20 for £N" = (0.26
ns)~'. The other rate constants are as in Fig. 6.
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FIGURE 9 Relationship between the D1 protein content ((J) and
changes in the Fy (O) and F,, (@) values in photoinhibited thylakoids.
Thylakoids were subjected to photoinhibitory illumination with 750 wmol
photons m~2 s~ ! at 1°C and then incubated in complete darkness at 18°C.
Time ¢ = 0 indicates the moment when illumination was stopped and the
temperature raised up from 1 to 18°C. The D1 protein content was
measured immunologically.

In the mathematical formulation we used, all possible
photochemical processes within the photoinhibited PSII
were described by a single effective rate constant A'™H,
which was estimated to be of ~(0.46 ns)~ ' on the basis of
F, increase during photoinhibition. The value of A" ap-
peared to be noticeably higher than AR, the effective rate
constant of exciton decay in the active PSII in the reduced
state, that equals (1.06 ns) "' according to Eqs. 1c and 2c.
This difference in the values of the rate constants is responsible
for increased quenching of Fy, in photoinhibited membranes.

As evidenced from Fig. 9, degradation of the D1 protein
alters neither F nor F,, yields in photoinhibited thylakoids.
This indicates that the fluorescence quenching associated
with photoinhibition is most probably not linked to D1
protein or cofactor molecules bound to it.

Some studies (Styring et al., 1990) have reported that
impairment of charge separation is the slowest process of
photoinhibition, and therefore the population of photoinhib-
ited PSII complexes, which are unable to evolve oxygen and
which have altered fluorescence properties, can be hetero-
geneous and may consist of PSII units capable and incapa-
ble of formation of the radical pair P680 " Pheo . It is likely
that these two kinds of photoinhibited PSII have similar
values of ™, so that there is no need to consider this type
of heterogeneity for calculations of the fluorescence yields
in photoinhibited thylakoids. The following reasoning
might support this statement. As shown in Fig. 74, nearly
100% loss of Fy, and inactivation of oxygen evolution were
observed in thylakoids illuminated for ~90 min at 750
wmol photons m~2 s~ '. This state was characterized by
25% increase in F yield compared to the nonphotoinhib-
ited control. Styring and co-authors (1990) have shown that
the charge separation reaction can remain operational for a
considerable amount of time in PSII-enriched membranes
with photoinhibited oxygen evolution. In our experiments,
the raised F, yield undergoes only minor changes if the
photoinhibited samples were illuminated for an additional
60 min, a treatment that would undoubtedly destroy charge
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separation in most PSII centers and alter F, fluorescence if
K™ is significantly different in photoinhibited PSII with
fully operational and impaired charge separation reactions.

By analogy with Eq. lc, the effective rate constant for
energy losses in a hypothetical photoinhibited PSII with
functional charge separation k™" can be expressed as the
sum of two components reflecting energy losses in charge
separation reaction and energy losses in the antenna: /"™ =
ENT NN 4+ KN + K. The apparent independence
of effective k™ on the capability of the photoinhibited
centers to form a charge-separated state indicates that the
contribution of the ratio &7 k3 /(K™ + k™) is minor.
Indeed, if we assume that values of the rate constants
characterizing charge separation in the photoinhibited PSII
are equal to those in the open PSII centers, i.e., ki = AP,
JINH = JOX JINH. _ - OX e raio of JINH INH/(EINH |
KNy equals (99 ns) !, which is >200 times less than the
estimated value of ™ [(0.46 ns)~']. The above situation
might be realized in the photoinhibited centers with proton-
ated Q, postulated by Vass and co-authors (1992). If we
assume that the charge separation and recombination reac-
tions in the photoinhibited PSII occur with rates character-
istic of those in closed PSIT (KN = £FEP, kN = jREP)
KT = £ REP) the ratio of £ AXH/(KMNF + KN turns out
to be (2.9 ns) !, which is still 6.3 times less than the value
of K™,

If most of the active PSII are in the open state (i.e., 0 =>>
r), a fraction of photons collected by the photoinhibited
units can be finally trapped by the active open PSII centers
because of the high efficiency of exciton exchange between
the photoinhibited and active PSII, and because k°* > &/™H,
In other words, photoinhibition can increase the absorption
cross section of open PSII, a conclusion that agrees with
measurements of the light-response curves of O, evolution
in photoinhibited thylakoids (Fig. 3). However, under ex-
posure of isolated thylakoids to the photoinhibitory light, a
vast majority of active PSII centers is in the closed state
(r > o) because of the absence of an efficient terminal
electron acceptor. For this case, the model calculations
predict a decrease in the yield of formation of the radical
pair P680 " Pheo™ due to an increase in exciton flow from
the closed to the photoinhibited types of PSII units.

The dynamics of PSII photoinhibition in isolated thyla-
koids fit the first-order kinetics well within a wide range of
light intensities (Fig. 1). The exponential decrease in PSII
oxygen evolution means that for every active PSII unit the
probability to be photoinactivated in unit time is constant
throughout the photoinhibitory period and independent of
the concentration of photoinhibited PSII units. Values of the
rate constant of photoinhibition kp; calculated on the basis
of the above experiment were directly proportional to the
light intensity (inset to Fig. 1), indicating that the quantum
efficiency of PSII photoinhibition is constant throughout the
wide range of light intensities. We have earlier shown that
the above characteristics apply for photoinhibition of intact
leaves (Tyystjarvi and Aro, 1996).
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Various mechanisms of PSII photoinhibition have been
proposed. If the oxygen-evolving side does not function, the
photoinhibitory damage to PSII has been suggested to occur
via formation of such radicals as P680" and/or Tyr,"
(Blubaugh and Cheniae, 1990; Vermaas et al., 1995). In
preparations with a fully active oxidizing side of PSII,
photoinhibition has been suggested to occur through forma-
tion of doubly reduced Q, (Vass et al., 1992), through
back-recombination of charges P680 “Pheo ™ (or S,Q,) pro-
ducing triplet P680 and then singlet oxygen (Durrant et al.,
1990; Ohad et al., 1994), and by means of electron transfer
from Q, (or Qg) to molecular oxygen forming the super-
oxide anion radical (Kyle, 1987). The distinguishing feature
of the mechanisms listed is that all of them presume the
reactions of electron transfer or charge separation prior to
photoinhibition of oxygen evolution. Therefore, in theory,
the yield of photoinhibition should be more or less propor-
tional to the efficiency of formation of the radical pair
P680 " Pheo ", which was shown to decrease when photoin-
hibition proceeds (Fig. 8). Consequently, one would expect
a noticeable deviation of the photoinhibitory kinetics from a
single exponential. Such deviation, however, was not seen.

It might be assumed that a strong quenching process (e.g.,
energy-dependent quenching, qE), which can develop in
thylakoids exposed to a strong light, masks the quenching
by the photoinhibited PSII units, thus yielding a nearly
exponential decay of PSII activity during the photoinhibi-
tion treatment. This, however, was not the case in our study
because the photoinhibitory experiments were done with
uncoupled thylakoids, in which no energy-dependent
quenching was observed and the F,, values measured in the
course of strong illumination were virtually the same as the
Fy; values measured from the illuminated thylakoids after
dark adaptation of several minutes (data not shown).

The apparent contradiction between the proposed de-
crease in the yield of formation of the radical pair
P680*Pheo™ and the single-exponential kinetics of photo-
inhibition might be a consequence of enhanced generation
of harmful oxygen species in thylakoids exposed to a strong
light, which may essentially compensate for the protection
afforded by the quenching of excitation energy in the pho-
toinhibited centers. An increase in production of singlet
oxygen with the decrease in PSII activity in illuminated
thylakoids was reported by Hideg et al. (1994). It was
suggested that those photoinhibited PSII units that are still
capable of charge separation have an increased yield of
singlet oxygen generation. Singlet oxygen production can
continue even after destruction of P680 due to triplet for-
mation by intersystem crossing in antenna pigments (Mishra
et al., 1994). It could be argued that the harmful oxygen
species are too reactive to diffuse out of one PSII unit and
to do harm to a neighboring (active) PSII unit. However,
singlet oxygen produced by illuminated PSII can be de-
tected from its interaction with tetramethylpiperidine
(Hideg et al., 1994), indicating that diffusion occurs. It has
also been reported that in thylakoid suspension certain pro-
tection from photoinhibition can be achieved by adding
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bovine albumin (Hideg et al., 1995) or histidine (Mishra et
al., 1994), both known to quench singlet oxygen (see, for
example, Matheson et al., 1975). Moreover, numerous stud-
ies show that addition of singlet-oxygen-generating sub-
stances, such as rose bengal or hydrogen peroxide-hypo-
chlorite mixture, results in a similar PSII inactivation and
D1 protein fragmentation to that seen during photoinhibi-
tion (Mishra et al., 1994; Miyao, 1994). The above data
suggest that harmful oxygen species formed by one PSII
unit may interact with a nearby second unit, in particular
taking into account that PSII units are likely to be organized
in the membrane as a connected package.

Another possible explanation for the first-order kinetics
of photoinhibition, as well as the direct proportionality
between the rate-constant of photoinhibition and light in-
tensity (see inset to Fig. 1) is that photoinhibition requires
the absorption of light by pigments that are energetically
disconnected from the antenna, i.e., the light-induced dam-
age to PSII occurs independently of the primary photosyn-
thetic reactions. This explanation, suggested ecarlier by
Tyystjarvi (1993) and Sinclair et al. (1996) lacks spectro-
scopic evidence but is tempting because it does not require
diffusion of any active form of oxygen. Apart from the
present results, independence of photoinhibition on primary
electron transfer reactions can be interpreted from the data
of Keren et al. (1997) demonstrating that photoinhibition
occurs at the same rate in thylakoids subjected to 30 pwmol
photons m ™~ s~ whether the light is given in the form of
continuous light or in the form of laser pulses separated by
40 s of darkness. In such a system every PSII unit would
utilize tens of photons during the 40-s period of continuous
illumination, whereas the PSII units subjected to the laser
excitation utilized only one photon during the same time
interval. More work is needed to elucidate the mechanism of
photoinhibition and to understand the first-order kinetics of
photoinhibition.

APPENDIX

List of symbols used throughout the text:
Fo, Fyp, and Fy, the measured initial, maximal and variable
fluorescence, respectively

[ total yield of exciton decay
[0 calculated fluorescence yield

D, calculated yield of Q, reduction

Dy, Py, Oy, the calculated yields of initial, maximal, and
variable fluorescence
Dy maximum yield of variable fluorescence
I rate of exciton creation per PSII center
i fraction of photoinhibited PSII units
ky apparent rate constant for primary charge separation
k_, rate constant of charge recombination
ke rate constant for charge stabilization (reduction of
Q)
ke rate constant for energy losses in antenna (including
radiative pathway)
kq rate constant for radiative losses in antenna
kg rate constant for nonradiative losses of the radical

pair
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k rate constant for exciton transfer between PSII units
kpr rate constant of photoinhibition

[ fraction of PSII units in open state (Q, oxidized)

r fraction of PSII units in closed state (Q, reduced)

R concentration of the PSII radical pairs

t time

U antenna system of PSII unit

[0} relative amount of open PSII [w = o/(1 — )]

z concentration of excitons

Superscripts “ACT,” “INH,” “OX,” and “RED” refer to PSII units in
active, photoinhibited, open, and closed state, respectively.

A method for obtaining analytical solutions for the fluorescence and
photochemistry in a model similar to that one depicted in Fig. 4 was
described in detail by Lavergne and Trissl (1995). The following treatment
shows the outlines of the calculation. A detailed description can be found
in the Internet (http://www.utu.fi/ml/kasvimb/analytic.html).

At the first step, the exciton-radical pair model is transformed into a
scheme with irreversible decay processes (Fig. 5). The analytical expres-
sions linking the effective rate constants k™", k°% and R to the rate
constants describing the charge separation reactions depicted in Fig. 4 are
listed below:

N = e (1a)
KX =L, + Ly + k5" (1b)
KRED = [ + KACT (lc)
where
Ly, = KX RN/ (0% + 19X + k%) (2a)
Lg = KX k% /(0% + 19% + k%) (2b)
Ly = K™ kg™ /(P + k™) (2¢)

At the next step the irreversible decay scheme is substituted by a
random-walk network in which the rate constants are replaced by hopping
probabilities p;; among the three states of PSII. The hopping probabilities
are linked to the rate constants as follows: p;; = kj,/E?:]kjl, wherej = 1,2,3
and / = 1,2,3 indicate three states of PSII units (U™H, U®X, or UREP,
respectively) and k;, indicate the rate constants for corresponding reactions
of exciton migration or decay. Denoting by P(/,/) the total probability that
an exciton starting from jth state will eventually decay from /th state one
can express P(j,/) through the hopping probabilities p;; and consequently
through the rate constants &;; as shown in Lavergne and Trissl (1995). The
total yields ® of exciton decay from open, closed, and photoinhibited PSII
states with regard to initial distributions of excitons are:

(DOX

iP(1,2) +oP22) + (1 —i—0)P32) (3a)
RED

iP(13)+0P23)+ (1 —i—0P33) (3b)
(I)INH — 1 _ (DOX _ (I)RED (30)

The photochemical yield of Q, reduction @, and the total yield of
fluorescence Py can be written as

®, = L,d%/k ()
(I)ﬂ — kg\IH q)INH/kINH + kﬁCTq)RED/kRED + kgCT(DOX/kOX (5)

Substituting ®°X, ®XEP, and @™ in Eqs. 4 and 5 by the values
calculated in Egs. 3a—c, then substituting the expressions of P(j,/) by their
values as functions of hopping probabilities p;; and finally substituting the
hopping probabilities by their expressions as functions of the rate con-
stants, results in the following expressions for the yields of fluorescence
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®; and photochemistry @

Ao

o, = T+ %o (6)

_9]34—(60

P17 go (72)

where

L (kINH + léNH
P uu
R+ BT+~ )]

[R50 + ™+ ik — )]

ﬂ:

X [KRED(JINI - (INHy NN RED) | (8a)
- TS (KRED — fINH) - fINH o g INH)
B = [ARED(IN 4 o INHY g INH(INH _ 4 RED)] (8b)
(6 B kgCT(kOX _ kRED)

[+ KT+ (R K]
[ (67— ) — 0 — "
QDN g e ] (89)
(kOX _ kRED)
I R K]
[T+ ) -+ § R — k)
(RPN ) B — )

al

(8d)

With the definitions @, = ®y (0 = 1 — i), Dy, = Py (0 = 0) and Y™ =
®,, — &, we can rewrite Eq. 7 as

B —)
Po= g0 ®
Oy =B (10)
Y1 — 0 — )
Dy(o) = T it g0 (11)
where
e (BF =€) — 1)
Oy = ES T (12)

An analytical solution for the fluorescence induction kinetics can be
deduced, noting that

do
—4; = 10,(0), (13)

where I is the rate of exciton creation per reaction center. By integrating
Eq. 13 and considering the initial condition 0 = 1 — i for 7 = 0, we obtain

1—i
In o +$(1—i—o)

(= — (14)

By introducing the relative amount of open PSII centers @ = o/(1 — i),
Egs. 11 and 14 take the following form:
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OV — w)
I+ 901 - Do’ (13

o $(1 - i)(lI&—q ) — Inw 16)

Dy(w) =

The fluorescence induction kinetics can now be obtained by varying the
value of w (0 < w = 1), substituting it into Egs. 15 and 16 and plotting the
calculated ®y, against 7. As could be seen from these equations only three
phenomenological parameters (PV5~, $,, (1 — i), and I, ) determine the
variable part of fluorescence induction in a system of PSII, (active plus
photoinhibited) centers, whereas the forth parameter, equal to B, + €,
(1 —i,), is required for the calculation of ®,,.

For the PSII; centers with no exciton exchange between the PSII units,
K4ST = 0. It is reasonable to assume also that ki = 0 for PSII,. In this
case, as can be deduced from Eq. 8d, § = 0 and, considering Eqs. 15 and
16, one obtains an exponential form of the variable component of fluores-
cence induction kinetics, controlled by two phenomenological parameters
Igsdy and OYE*

D (1) = V’"g"{l - exp( — IB;;)} 17)

To calculate the effect of the photoinhibited PSII on the yield of the
radical pair formation in thylakoids exposed to a strong light we considered
the reaction scheme shown in Fig. 4, which was simplified by assuming
that all the PSII centers are either in the active closed or in the photoin-
hibited state (i + r = 1). The behavior of such a system can be described
by the following set of first-order differential equations:

dz™Nde =T+ i 20 — kTN = ke 2N (18a)
dzMP/de = Tr + Ky'r 2N
(18b)
+ k_]R _ k{EHi ZRED k]ZRED _ keRlEDZRED
dR/dt = k; 2P — k_ R — ki°R (18c)

where 2™ and zRP indicate concentrations of excitons in photoinhibited

or reduced centers, respectively; I is rate of exciton creation (per PSII) and
R is the concentration of the radical pair.

Under the steady-state illumination z™N", zR*P and R are constant and
therefore the set of differential Eqs. 18a—c can be transformed into a
system of linear equations:

i+ KN 2R — NN — Ny 2N — (199

Ir + k{,]jHr ZINH + k,IR _ kH;IHi ZRED _ k]ZRED _ k}:l.EDZRED =0

(19b)
ke, 28 — k_ R — KX¥PR = 0 (19¢)

By solving the system one can express R as
R = Ik, (1 — DEN + k)9 (20a)

where
G = Kl + )
IR RN = DI ko + ey K K )
(20b)
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