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Abstract—In direct experiments, rate constants of photochemical (kp) and non-photochemical (kp) fluorescence quench-
ing were determined in membrane fragments of photosystem II (PSII), in oxygen-evolving PSII core particles, as well as in
core particles deprived of the oxygen-evolving complex. For this purpose, a new approach to the pulse fluorometry method
was implemented. In the “dark” reaction center (RC) state, antenna fluorescence decay kinetics were measured under low-
intensity excitation (532 nm, pulse repetition rate 1 Hz), and the emission was registered by a streak camera. To create a
“closed” [P6807Q4] RC state, a high-intensity pre-excitation pulse (pump pulse, 532 nm) of the sample was used. The time
advance of the pump pulse against the measuring pulse was 8 ns. In this experimental configuration, under the pump pulse,
the [P680*Qx] state was formed in RC, whereupon antenna fluorescence kinetics was measured using a weak testing
picosecond pulsed excitation light applied to the sample 8 ns after the pump pulse. The data were fitted by a two-exponen-
tial approximation. Efficiency of antenna fluorescence quenching by the photoactive RC pigment in its oxidized (P680™)
state was found to be ~1.5 times higher than that of the neutral (P680) RC state. To verify the data obtained with a streak
camera, control measurements of PSII complex fluorescence decay kinetics by the single-photon counting technique were
carried out. The results support the conclusions drawn from the measurements registered with the streak camera. In this
case, the fitting of fluorescence kinetics was performed in three-exponential approximation, using the value of t, obtained
by analyzing data registered by the streak camera. An additional third component obtained by modeling the data of single
photon counting describes the P680*Pheo™ charge recombination. Thus, for the first time the ratio of k3 /kp = 1.5 was deter-
mined in a direct experiment. The mechanisms of higher efficiency for non-photochemical antenna fluorescence quench-
ing by RC cation radical in comparison to that of photochemical quenching are discussed.
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High (~100%) photosynthetic quantum yield is real-
ized at relatively moderate light intensities, when all ener-
gy of the light absorbed by a photosynthetic organism’s
pigment apparatus is utilized in photochemical reactions.
At high light intensities, not all energy of antenna-excit-
ed states is utilized by reaction centers for product forma-
tion. As a result, excess energy can cause destructive
changes in the photosynthetic apparatus [1, 2]. To prevent
this, photosynthetic organisms have developed various
mechanisms for quenching excessive absorbed energy,
notably non-photochemical quenching (NPQ) in photo-
system II (PSII) antenna complexes, as well as antenna

* To whom correspondence should be addressed.

excitation quenching by reaction center (RC) cation rad-
icals. The first of these mechanisms, NPQ in PSII anten-
na complexes, has been studied quite well. Its essence is
the fact that under intense illumination, the pH of thy-
lakoid lumen decreases, and the process of violaxanthin
deepoxidation is triggered, transforming violaxanthin
into zeaxanthin [1, 3, 4]. Compared to violaxanthin,
zeaxanthin has a greater number of n-bonds and a lower
S, level, and therefore it is a more efficient acceptor for
energy of chlorophyll (Chl) excited states. For NPQ to
occur, the PsbS protein, sensitive to low pH levels, is also
essential. This protein binds zeaxanthins in its protonated
state and is a NPQ site. The second NPQ mechanism,
energy dissipation by the PSII RC cation radical (the oxi-
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Fig. 1. Three-dimensional structure of PSII core complex (view
parallel to the membrane plane). P680 is the Chl a dimer in the
RC; Chlp, and Chlp,, chlorophyll @ molecules in D1 and D2 sub-
units, respectively; Pheop, and Pheop,, pheophytin molecules in
D1 and D2 units, respectively; Q4 and Qg, primary and secondary
quinone acceptors; Y, and Yp, redox-active tyrosine residues
(adapted from [12]).

dized photoactive pigment P680") is mentioned in a large
number of studies, notably [5-11]. However, in reports,
both those mentioned and others related to the subject of
the current study, quantitative estimates for the efficiency
of NPQ by the photoactive pigment P680* oxidized state
were not given. Only in [7] a theoretical calculation is
given, according to which non-photochemical quenching
of antenna fluorescence by oxidized PSII RC (P6807) is
three times lower than that of photochemical quenching
(P680).

From a functional point of view, PSII can be
described in terms of three domains: the central photo-
chemical domain, the plastoquinone-reducing domain,
and the water-oxidizing domain. It should be noted that
the water oxidation complex, located on the donor side, is
the most labile PSII site and is susceptible to oxidative
damage [12]. Figure 1 shows the location of cofactors in
the protein matrix.

The aim of this study was comparative experimental
analysis of antenna Chl fluorescence quenching efficien-
cy in different pigment—protein PSII complexes — mem-
brane fragments, oxygen-evolving core complexes, and
PSII core complexes deprived of the Mn, cluster by neu-
tral [P680Q,] and oxidized [P680*Q,] reaction centers.
Some terminological explanations should be given here.
First, it should be noted that the term “P680” originated
from spectroscopic data, in which a bleaching band is
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observed at 680 nm in differential spectra (light-minus-
dark). The band is often identified with the Py, Py, spe-
cial pair, by analogy with the RC of purple bacteria.
Indeed, in the RC of purple bacteria the P870 special
pair is an electron donor, and the hole is also located on
it, forming the oxidized P870 state. In the case of PSII,
however, such identification is no longer correct. In fact,
the excited state of the reaction center, 'P680*, from
which the primary electron transport reaction starts, and
the oxidized state of reaction center, P680*, on which a
hole is stabilized, differ in their molecular nature. As fol-
lows from [13], for example, at room temperature excita-
tion is delocalized on four reaction center Chl mole-
cules. According to other data [14], all four Chl mole-
cules and two Pheo molecules contribute to the 'P680*
state, with maximum excitation density concentrated on
Chlp; (~30%), and the contributions from other pig-
ments are: Pp, (~15%), Pp, (~11%), Chlp, (~9%),
Pheop; (~15%), Pheop, (~20%). Based on the fact that
PSII RC excitation is distributed among six pigments, it
cannot be definitely said which one is the primary elec-
tron donor at room temperature. On the other hand, it
was shown [15] that at physiological temperatures, the
hole is found on Py, after an extremely short time.
Consequently, the oxidized PSII RC state is P680,
meaning that the hole is on the Py, pigment, which in
turn is the RC cofactor closest to the Y, tyrosine (Fig. 1)
and is capable of its efficient oxidation at physiological
temperatures.

The only study known to us that has experimentally
evaluated the ratio of LHC II fluorescence quenching
efficiency by oxidized (k;) and open (k,) reaction centers
is the work of Renger et al. [16]. To determine the k;/kp
ratio, they measured the curve of fluorescence yield
changes for PSII membrane fragments treated with
hydroxylamine. After such treatment, electron transfer
from Y, to P680" is inhibited, and therefore the P680*
reduction rate is slowed to 150-200 ps. This fact allowed
studying P680" quenching properties in the nanosecond
to microsecond time range. The authors [16] used a 10 ns
laser flash with A,, = 532 nm as the actinic light. They
found that immediately after the actinic laser flash, an
instantaneous decrease in antenna fluorescence yield is
observed, followed by a two-component increase with
times of 4.7 and 160 ps. The fast kinetics were attributed
to the disappearance of the *Car quencher [17], and the
slow kinetics to recombination between P680* and
Qx [18]. This time (160 ps) coincides with the P680* life-
time measured by a decrease in absorption in the 830 nm
band. To describe the induction curve, they [16] proposed
a three-quencher model for ®(7) antenna fluorescence
quenching as follows:

k
DI = ! . (D
ky +ks + kcu’Car(D)] + kp[Q4(0)] + k3[P680*(1)]
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In this equation, k; is the Chl fluorescence rate con-
stant, ky the total rate constant for all non-radiative
processes, and the remaining three members of the
denominator are multiplications of rate constants by the
concentrations of the respective states that describe pho-
tochemical (k,[Q4(#)]) and non-photochemical (koo ’Car]
and k;[P6807(7)]) fluorescence quenching. This equation
is valid for describing an induction curve after a short pulse
PSII complex excitation, when NPQ processes in antenna
complexes do not have time to develop.

With the three-quencher model, Renger et al. [16]
obtained the ratio of k;/kp ~ 1.7 for membrane fragments,
and for intact Arabidopsis thaliana leaves a satisfactory
computational modeling of the induction curve was
achieved on the assumption of the ratio k;/k, ~ 2.
Evidently, they [16] obtained their results in an indirect
experiment — they introduced the kg/kp parameter for
modeling the induction curve most accurately.

Thus, there is a clear understanding of the fact that
the PSII RC cation radical, P680", participates in LHC 11
fluorescence NPQ processes, but there is no reliable data
on the efficiency of this process. The reason is the very
high recovery rate of P680" from the redox-active Y, tyro-
sine residue (~40 ns), which greatly complicates LHC 11
fluorescence measurements under conditions where the
photoactive RC pigment is oxidized. Therefore, for meas-
uring PSII antenna fluorescence decay kinetics with the
oxidized photoactive reaction center pigment, P680", an
experimental approach needs to be developed that will
allow antenna fluorescence measurements after a very
short time (<10 ns) following the actinic light. For this
purpose, we used the technique of fluorescent pump-
probe analysis (picosecond flash photolysis) that allowed
measuring PSII complex fluorescence decay Kkinetics
under conditions where the RC photoactive pigment is in
the neutral P680 state or in the oxidized P680" state.

MATERIALS AND METHODS

PSII core complexes and membrane fragments from
spinach were isolated as described by Haag et al. [19] and
Schiller and Dau [20], respectively.

For obtaining PSII samples lacking the manganese
cluster, core PSII complexes (0.5 mg of Chl g in 1 ml)
were incubated in medium containing 0.9 M Tris-HCI,
pH 9.0, for 30 min at 23°C and then washed twice in
25 mM Hepes, pH 7.5, containing 20 mM NaCl and
300 mM sucrose [21]. The samples were concentrated by
ultrafiltration to 1.5-2.0 mg of Chl ¢ in 1 ml, frozen in lig-
uid nitrogen, and stored at —80°C. All measurements on
samples were carried out at room temperature.

Light-induced absorption changes in the near
infrared spectral region (820 nm) were detected by a sin-
gle-beam differential spectrophotometer constructed in
the Institute of Physico-Chemical Biology, Moscow State
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University. Probing light from a KGM-98 lamp passed a
Jobin Yvon HL-1 monochromator (France), a sample
cell, a SZS-21 glass light filter, a second UM-2 mono-
chromator, and then impinged on a PMT-128 photomul-
tiplier. The signal then went through an operational
amplifier to a GAGE-8012 transient recorder connected
to a computer. As an excitation light source, a Quantel
laser was used (wavelength 532 nm, pulse half-width
12 ns, energy 50 mJ).

Figure 2 shows the kinetics of Ag,, changes in PSII
complexes lacking the Mn, cluster to be monoexponen-
tial, and its duration is ~150 ps. This time is very close to
the result obtained in [16] for samples treated with
hydroxylamine.

For measuring PSII antenna complex fluorescence
decay kinetics under the conditions where the photoac-
tive RC pigment is in the neutral P680 or oxidized P680*
state, a modified version of a picosecond impulse fluo-
rometer was used that was constructed at the Department
of Biophysics, Biological Faculty of Moscow State
University (Fig. 3) [22].

A sample was put in a cell with 2-mm pathlength
and excited by light pulses (A, = 532 nm, duration =
20 ps) obtained by the second harmonic of a PICAR-1
Nd:YAG laser (MSU, Russia) [23]. The laser pulse repe-
tition frequency was 1 Hz, pulse energy ~2 pJ, stability of
laser pulse generation with regard to energy and duration
was over 95%, diameter of illuminated surface ~3 mm,
and the energy absorbed by the sample did not exceed
4-10" photons/cm? per pulse. Sample optical density was
0.1, the sample was continuously stirred, and the cell was
placed in a volume closed from external light. Under such
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Fig. 2. Kinetics of absorption changes at 820 nm in PSII core
complexes lacking the Mn, cluster in 25 mM MES-NaOH,
pH 6.5, containing 15 mM NaCl, 10 mM CacCl,, and 0.03%
dodecylmaltoside. Chlorophyll concentration, ~10 pg/ml; exci-
tation at 532 nm; pulse energy 50 mJ. The kinetic trace is a result
of averaging 16 measurements.
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Fig. 3. Optical scheme of the experimental setup: 1) beam-split-
ting plate; 2) shutter; 3) mirror; 4) FEL-600 cutoff filter.

conditions, the PSII sample was already back in a dark
state in the time for the arrival of a next exciting light
pulse. Fluorescence decay kinetics were recorded by an
Agat SF3 electron-optical converter (EOC) (All-Russian
Research Institute for Optical and Physical Measure-
ments, Russia) coupled with a DAS C7041 multichannel
array detector (Hamamatsu, Japan) cooled to —10°C.
Through a C7557 controller (Hamamatsu), the detected
signals were entered into the computer. To isolate the flu-
orescence signal, a FEL600 cutoff filter (Torlabs, USA)
was placed between the EOC and the sample, permitting
passage of light >600 nm. To improve the signal/noise
ratio, 50 kinetics were accumulated and averaged. For
measuring fluorescence decay kinetics of PSII samples
with oxidized (P680%) RC, we used intense pulse sample
pre-illumination. For this, a single light pulse (pump
pulse) with duration of 20 ps, wavelength of 532 nm, and
energy of 200 pJ, 8 ns ahead of the measuring pulse, was
also applied to the sample cell. That impulse caused
~100% oxidation of P680. Then, fluorescence decay
kinetics were measured with a weak measuring pulse. A
controller-operated shutter was placed in the path of the
pump pulse. The measurement procedure was similar to
that used for analyzing transitional pump-probe absorp-
tion characteristics. Both light pulses (the pump pulse
and the measuring pulse) passed the same sample area,
with the pump pulse diameter being much larger than that
of the measuring pulse.

The optical scheme of the described fluorometer
(Fig. 3) allows working in two modes: 1) the pump pulse
may be blocked by the shutter, and the required number
of measuring light fluorescence kinetics traces can be
measured. In this optical configuration, antenna fluores-
cence kinetics is obtained under conditions where RCs
are in the open [P680Q,] state; 2) when the shutter is
open, the sample is excited by two pulses — a powerful
pump pulse and, after 8 ns, a measuring pulse whose sig-
nal is detected as fluorescence kinetics. With this experi-
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mental setup, LHC II fluorescence decay kinetics is reg-
istered when the light-oxidized RC pigment is in the oxi-
dized [P680*Q,] state. In the experiment, we successive-
ly measured fluorescence kinetics with a pump pulse and
without it; therefore, having recorded 100 kinetics, we
obtained 50 traces for the situation where RCs were in the
open state and 50 traces for oxidized RCs. The experi-
mental kinetic traces were approximated by a biexponen-
tial theoretical curve I(f) = Aexp(—t/t,) + A,exp(—t/T,)
convoluted with the pulse fluorometer instrument func-
tion. In the given formula, t,, 7, and A4,, A4, are the dura-
tions and normalized amplitudes for fluorescence decay
kinetic components, A, + A, = 1. The accuracy of the fast
component duration measurement was ~5 ps.

The main limitation of the Agat SF3 EOC compared
to, for example, the single photon counting method, is
low dynamic range <100. Therefore, at high EOC scan-
ning speeds ~1 ns/cm only the two fastest fluorescence
kinetic components are registered with sufficient accura-
cy. On the other hand, the calculation of the parameters
of the fastest components, obtained by single photon
counting, is also based on a routine deconvolution proce-
dure and depends on the accuracy of the registration of
the instrumental function of the device. For that reason,
we measured the full kinetics of fluorescence decay by the
single photon counting method in testing experiments
and used the t, parameter obtained from operating the
EOC for model reconstruction.

For single photon counting, a Simple Tau 140
(Becker&Hickl, Germany) picosecond measuring com-
plex was used, equipped with a 16 channel multi-anode
PMT PML-16 (Becker&Hickl) with a diffraction grating
(1200 lines/mm, a spectral resolution of 6.25 nm/chan-
nel). Fluorescence was excited with a LDN-405 pulsed
LED laser (InTop, Russia) with wavelength of 405 nm,
pulse duration 25 ps, pulse rate 25 MHz, and single pulse
energy 13 pJ.

To determine the value of the k;/k,, ratio, the known
relation of quantum yield value ¢ and fluorescence dura-
tion t (¢ = kyt) was used, as well as Eq. (1). PSII anten-
na complex fluorescence duration was measured for two
extreme cases, when all RCs were either in the open
[P680Q,] or in the oxidized [P680*Q,] state. Therefore,
the measured fluorescence duration t, = 1/k;, deter-
mined by the denominator value in Eq. (1), equals 1/(k; +
ks + ke, + k) for open RCs and 1/(k; + ky + k., + k) for
oxidized RCs. From this, expressions for determining the
required values are obtained: k, = 1/1, — (k; + kg + key);
ky =1/t — (k¢ + ks + k). Here, 1, and t," are the fast
fluorescence component durations measured under the
conditions where all RCs are either in the open or in the
oxidized state, respectively. The values of rate constants
given in the parentheses were taken from [16, 17], accord-
ing to which k; = (15 ns)™}, ky = (6 ns)”, and k., =
(0.6 ns)~!. The error in determining the o = kg/kp ratio
can be estimated from the accuracy, Art,, of calculating 1;:
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Aa. = Atk (1 + k,/k,). With the 1, measuring accuracy
of 5 ps (95% confidence interval), the value of o = kg/kp ~
1.50 = 0.08.

RESULTS AND DISCUSSION

Typical fluorescence decay kinetics of native PSII
core complexes containing the Mn, cluster and capable of
O, release, taken by the Agat SF3 EOC, are given in
Fig. 4.

Modeling these kinetics in a biexponential approxi-
mation yielded the following results. In the case of dark-
adapted samples (the [P680Q,] state), the durations of
components were t; = 110 ps, t, = 510 ps, and the con-
tributions of the A, and A, components were 74 and 26%,
respectively. These durations are in good agreement with
the results obtained earlier, according to which for PSII
core complexes with open RCs, t, = 40-100 ps, 1, = 200-
500 ps [24, 25]. A small difference in t, and 1, durations
towards longer lifetimes obtained in our study compared
to the quoted papers may be easily attributed to the dif-
ference in the analyzed core complexes and instrumental
approaches. During the oxidation of the photoactive pig-
ment by an early pump pulse, a significant shortening of
T, and T, was observed, down to 80 and 380 ps, respec-
tively. To modify the RC and test the trend of changing t,
and t,, dithionine-treated PSII core complexes were
studied. As it is known, dithionite reduces the quinone
acceptor Q, in the dark. Therefore, by using only the
measuring light, we detected PSII antenna fluorescence
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Fig. 4. Typical fluorescence decay kinetics registered by the EOC.
Theoretical curves are obtained by a two-exponential approxima-
tion /(7) = a,exp(—t/1,) + a,exp(—1t/t,). The a,, a,, 7, and 1, val-
ues are given in Table 1. The incubation medium contained
50 mM MES, pH 6.5, 15 mM NaCl, and 300 mM sucrose.

decay kinetics, when the RC was in the [P680Q,] state. In
the second variation of measurements, where we used an
early pump pulse, the RC was in the [P6807Qj] state.
Apparently, we compared the efficiency of photochemical
(P680) and non-photochemical (P680*) quenching of
antenna Chl fluorescence by neutral and oxidized RC in
the presence of dithionite as well. The results of the meas-
urements are given in Table 1. It appears that in dark-

Table 1. Kinetic parameters for approximation of experimental kinetics of PSII complex fluorescence decay recorded
by the EOC; ay, a, and 1, 1, are values of amplitudes and durations for the fast and slow components. The k;/k, value
characterizes the relative efficiency of excitation capture by PSII reaction center in the P680* and P680 states

a, % Ty, PS a, % Ty, PS k;/k[J
PSII membrane fragments 67 120 33 550 143
PSII membrane fragments + pump pulse 64 90 36 450 '
PSII membrane fragments + dithionite 69 140 31 760 154
PSII membrane fragments + dithionite + pump pulse 67 100 33 560 '
PSII core complexes 74 110 26 510 147
PSII core complexes + pump pulse 73 80 27 380 '
PSII core complexes + dithionite 72 130 28 627 1.49
PSII core complexes + dithionite + pump pulse 72 94 28 494 '
PSII core complexes lacking the Mn cluster 83 100 17 565 143
PSII core complexes lacking the Mn cluster + pump pulse 83 74 17 490 '

BIOCHEMISTRY (Moscow) Vol. 81 No. 6 2016
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adapted samples in the presence of dithionite, a certain
increase in t; and T, is observed, up to 130 and 627 ps,
respectively. An increase in lifetimes was to be expected,
as electron transfer from P680* to Pheo in charge separa-
tion reaction occurs against the gradient of the electric
field generated by the excess electron on Q,, which
appears as a result of dark reduction of the primary
quinone by dithionite. At the same time, upon pre-illu-
minating a sample with a pump pulse both in the presence
and in the absence of dithionite, t, and t, are reduced
almost in equal parts, down to 94 and 494 ps. Apparently,
in this case as well, oxidized P680 is an effective non-pho-
tochemical quencher of excited states of antenna Chl
molecules. It was shown earlier [26, 27] that under reduc-
ing conditions (Qj), after charge separation in PSII RC,
the [P680"Pheo Qj] state is formed, whose transitions
into the original [P680PheoQj] state occurs in 2-4 ns,
emitting a quantum of recombination fluorescence
(P680"Pheo — P680*Pheo — P680Pheo + fluorescence
quantum). Apparently, if charge recombination occurs
with 100% probability, then virtually all RCs should be
back in the original [P680PheoQ,] state by the arrival of
the measuring pulse. Therefore, no shortening of t, and 1,
should have occurred. The shortening of t, and t, that we
found indicates the charge recombination to be a minor
channel of [P680"Pheo™] state decay. Apparently, elec-
tron transfer from Pheo™ to Qj is more effective, causing
a two-electron reduction of the quinone acceptor. In this
case, the photoactive RC pigment is in the oxidized
P680™ state by the arrival of the measuring light pulse, and
it carries out non-photochemical fluorescence quench-
ing, causing a decrease in its duration.

14 e PS || core complex

=== PS§ || core complex + dithionite

Intensity, rel. units

Time, ns

Fig. 5. Fluorescence decay kinetics of PSII dark-adapted core
complexes (shown in black) and the same complexes in the pres-
ence of dithionite (shown in gray) registered by the single photon
counting system. Fluorescence was excited by a laser pulse at
405 nm with duration of 25 ps and pulse rate of 25 MHz; dithion-
ite concentration was 10 mM.
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Similar results were obtained in experiments with
other PSII complexes — membrane fragments and core
particles lacking the Mn complex (see Table 1). It can be
seen that for different kinds of measurements under the
conditions when PSII RCs are in the oxidized P680*
state, the duration of fluorescence from antenna Chl
shortens. However, for the three studied PSII complexes,
the kg/kp ratio varies little, remaining in the 1.43-1.54
range.

We noted that the dynamic range of EOC registra-
tion system is relatively low, not exceeding 100.
Therefore, fluorescence decay kinetics were modeled by a
biexponential approximation. To verify the data from the
EOC, test measurements were taken for PSII complex
fluorescence decay kinetics by single-photon counting.
The results are given in Fig. 5 and Table 2. It should be
noted that in this case, the kinetics were modeled by a
three-exponential approximation, using the 1, value from
Table 1 obtained from analyzing the data registered by the
EOC. The additional third component, obtained by mod-
eling data from single-photon counting, describes
P680"Pheo™ charge recombination, as shown earlier [26,
28].

According to [28], the fluorescence decay kinetics
are supposed to contain at least three components,
reflecting electron excitation energy migration from
antenna Chl to RC, charge separation and electron trans-
fer to Q,, as well as charge recombination in the primary
ion-radical pair [P680"Pheo~]. Since these three PSII
states are linked by reverse processes, each of the compo-
nents will have mixed contributions from all three. To the
fullest extent, this mixing affects the duration of the sec-
ond component, while due to significant difference in
lifetimes the first and third kinetic components remain
virtually “pure”. In addition, the fastest component
reflects electron excitation energy migration from anten-
na to RC, and the slowest reflects the charge recombina-
tion time in the P680"Pheo™ pair. Therefore, to compare
excitation quenching efficiency in PSII antenna, we ana-
lyzed changes in the fast component duration when the
RCs were in the [P680Q,] and [P680Q,] states. In this
case, we viewed P680 and P680™ as acceptors for excita-
tion energy originating from antenna complexes (P680 is
a cluster of four Chl molecules and two Pheo molecules,
as described in the introduction). The results of the com-
parison are given in Table 1 as the k;/kp ratio. The table
shows that the fast component duration after PSII pump-
ing by a powerful light pulse is significantly decreased. We
suppose that this shortening occurs due to more efficient
fluorescence quenching. It should be noted that in differ-
ent PSII complexes the k;/kp ratio is approximately the
same, about 1.5. At first glance, it is surprising that the
process of non-photochemical quenching by the P680*
cation radical is more effective than photochemical
quenching. Indeed, during the oxidation of the special
pair Py, Pp,, a band at 830 nm appears in the stationary
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Table 2. Kinetic parameters for the approximation of experimental kinetics of PSII complex fluorescence decay
obtained by the single-photon counting technique. The t, parameter value was taken from Table 1, the data were
approximated with three components. a,, a,, a; and t,, 7,, 75 are the values of amplitudes and durations of the kinetic
components, respectively. i is the standard deviation of the model curve from the experimental data

ai, % a, % as, % Ty, PS Ty, PS T3, PS X2
PSII core complexes 42.5 55.1 2.4 110 524 2017 1.55
PSII core complexes + dithionite 56.2 41.9 2.8 130 720 3070 1.49
PSII membrane fragments 5.8 75.1 19.1 120 864 1742 1.61
PSII membrane fragments + dithionite 19.2 71.5 9.3 140 920 2715 1.64

PSII absorption spectrum, which was the one attributed
to P680™ absorption. The excitation migration time from
antenna Chl to P680* (~100 ps) implies that this process
occurs via the Forster mechanism. Critical parameters for
its realization are the distance between donor and accep-
tor R, orientation factor k%, and overlap integral for donor
fluorescence and acceptor absorption spectra. The dis-
tance R can be assumed to not undergo significant
changes during RC oxidation, while the k* parameter is
supposed to change. Unfortunately, changes in this
parameter have not been reported by anyone to date.
Nevertheless, since P680% quenches antenna fluores-
cence [5-11, 16], the k? parameter is not zero. For a long
time, P680™ absorption was associated with a single band
at 830 nm. Evidently, overlap of the antenna Chl fluores-
cence spectrum (A,,,, ~ 680 nm) with this band at 830 nm
will be insignificant. However, detailed study of RC spec-
tral properties in PSII RC core complexes [13] revealed
bands at 675-684 nm in differential P680"Pheo™ —
P680Pheo and P680*Q; — P680Q, spectra, as well as in
T — S spectra, which effectively overlap with the core
complex fluorescence spectrum. Apparently, the combi-
nation of the k* parameter and the overlap integral pro-
vides high efficiency of antenna fluorescence quenching
by the oxidized P680™ state of the PSII reaction center.

Thus, the efficiency of non-photochemical Chl fluo-
rescence quenching by PSII RC radical cation was shown
to be ~1.5 times higher than that of photochemical
quenching. We have demonstrated a new approach for
pulse fluorometry for direct measurement of photochem-
ical and non-photochemical fluorescence quenching effi-
ciency. By analogy with the method of picosecond
pump—probe differential absorption spectroscopy, we
used high-intensity pulse pre-illumination (pump pulse)
of a sample, which preceded the measuring light pulse by
8 ns. This approach allows registering fluorescence decay
kinetics for PSII samples with oxidized (P680%) reaction
centers with picosecond time resolution. The analysis was
carried out on different pigment—protein PSII
complexes — membrane fragments, oxygen-evolving core
complexes, and PSII core complexes lacking the Mn,
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cluster. For all these three PSII complexes, the k;/kp ratio
value changed little, remaining in the 1.43-1.54 range (sece
Table 1). Given the error in determining the k;/kp value,
about 0.08 (see “Materials and Methods”), it can be
assumed that k; ~ 1.5k,. This value differs significantly
from the data reported in [16], where k;/kp ~ 1.7 for PSII
membrane fragments, and for whole Arabidopsis thaliana
leaves [16] the reported value was k;/kp ~ 2. From our
point of view, such a discrepancy is explained by the fact
that induction curves in [16] were taken in the time range
from 100 ns to 10 s, where fluorescence signal from PSII
antenna Chl, excited by 10 ns actinic light pulse, is no
longer detected (antenna Chl fluorescence kinetics is mul-
ticomponent, its duration does not exceed a few nanosec-
onds; see Table 2). The k;/kp parameter was introduced in
[16] for computational modeling of an induction curve
and is not an experimentally determined value. We sup-
pose that the efficiency ratio of photochemical and non-
photochemical PSII fluorescence quenching efficiencies
by open and closed RC states, measured in our direct
experiment, is more realistic than that calculated in [16].
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