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Conformational changes and their role in non-radiative energy
dissipation in photosystem II reaction centresy
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Accumulation of reduced pheophytin in photosystem II under illumination at low redox potential is known to be
accompanied by a pronounced decrease of a chlorophyll fluorescence yield. Simultaneous measurement of this
fluorescence quenching and absorbance changes in photosystem II reaction centres, in the presence of dithionite,
showed each event to have a different temperature dependence. While fluorescence quenching was suppressed more
than 20 times when measured at 77 K, pheophytin accumulation decreased only 5 times. At 77 K, the fluorescence
was quenched considerably, but only in those reaction centres where reduced pheophytin had been accumulated at
room temperature before sample freezing. This showed that the accumulation of reduced pheophytin above 240 K
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was accompanied by an additional, most probably conformational, change in the reaction centre that substantially

enhanced non-radiative dissipation of excitation energy.

Introduction

Sunlight radiation is the main source of energy for planet Earth,
where this energy is converted into the energy of chemical bonds
by the process of photosynthesis. Sunlight is therefore essential
for all life; however, in excess it can substantially damage even
photosynthetic organisms.’ To deal with such high light stress,
photosynthetic organisms have developed several regulatory
mechanisms, where readily measurable manifestation of these
mechanisms can be made by fluorescence quenching, the light-
induced depression of a chlorophyll fluorescence yield that is
found in thylakoid membranes,? photosystem IT (PSII) particles?
or in aggregates of the light-harvesting complex of PSII.* The
function of this mechanism is to efficiently match the input
of absorbed solar energy to the photosynthetic capacity of
organisms.

The key regulatory site in photosynthetic light reactions is
PSII, a pigment-protein complex of the thylakoid membrane
in higher plants, algae and cyanobacteria. The primary pho-
tochemical reaction in the PSII reaction centre (PSII RC) is
a separation of charge, with the transfer of electrons from a
primary donor, P680, to pheophytin (Pheo). The electron goes
from reduced Pheo to the primary and secondary plastoquinone
electron acceptors, Q4 and Qg, respectively. Under certain
conditions, when the Q, is reduced or missing, the electron can
alternatively go to a cytochrome (cyt) bss, molecule.’

Reduced Pheo can be accumulated in PSII RC by illumination
when secondary electron acceptors (primary quinone, Q,, and
cyt bssy) are reduced or missing. Such accumulation of reduced
Pheo is known to be accompanied by fluorescence quenching, a
two- to three-fold decrease of chlorophyll fluorescence intensity.
It was proposed that the accumulated molecule of reduced Pheo
is the actual fluorescence quencher.®
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In this work, we have compared the amount of reduced Pheo
and the extent of chlorophyll fluorescence quenching, under
normal (277 K) and low (77 K) temperatures, in isolated reaction
centres of PSII. Our results indicate that Pheo reduction in the
PSII RC is accompanied by additional changes in the reaction
centres that enhance non-radiative dissipation of the excitation
energy.

Experimental

PSII reaction centres were isolated according to Vacha et al.®
Activity of the preparation was tested by measuring Pheo
reduction and P680 oxidation in the presence of dithionite
and silicomolybdate, respectively.’® For accumulation of reduced
Pheo, reaction centres were bubbled with nitrogen and then
mixed with methyl viologen (10 uM) and dithionite (1 mg ml~").
When measured at 77 K, glycerol was added to the sample to
a final concentration of 65% (v/v). The final concentration of
reaction centres was adjusted to an absorbance of 0.5-0.6 at
677 nm. The mixture was left to equilibrate in a dark on ice
prior to measurements. Low temperature spectra were measured
in an Oxford Optistat Bath cryostat (Oxford Instruments, UK),
temperature in the cryostat was controlled by an Oxford Temper-
ature Controller ITC 503 (Oxford Instruments, UK). Samples
were frozen slowly to get a transparent amorphous glass. To
enable precise temperature measurements a temperature sensor
(thermocouple) was frozen directly in the sample. Reduced
Pheo was accumulated by an exposure of the sample to a
strong light (1200 pmol m~2 s7") guided from a halogen lamp
source (KL 1500, Walz, Germany) by fibre optics. Chlorophyll
fluorescence intensity was measured with a PAM fluorimeter
(Walz, Germany). Fluorescence was excited by a blue LED diode
(Nichia, Japan) filtered by a Corning 4-96 filter (380-580 nm)
and measured through a RG645 filter (Schott, Germany). Light-
induced absorbance difference spectra were measured with a
laboratory-built flash spectrophotometer composed of a FX-
1160 Xe flash lamp (EG & G, USA, 1 ps flash duration), MS257
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imaging monochromator (Oriel, USA) and an acquisition and
triggering unit FL200 (Photon Systems Instruments, Czech
Republic). The detector was assembled from two large area
S4111 photodiode arrays (Hamamatsu, Japan), for sample and
reference signals. Light-minus-dark absorption spectra were
measured as a difference between the spectrum captured at the
end of the light exposure and the spectrum taken before the light
exposure.

Results and discussion

Fig. 1 shows the absorbance difference spectra of PSII RC in
the presence of dithionite and methylviologen upon irradiation
by actinic white light at 277 and 77 K. Irradiation at temper-
atures above 240 K results in well-known absorbance changes
attributed to a Pheo reduction:" bleaching at 681 nm and a
shoulder at around 670 nm in the red region of the light-minus-
dark spectrum. The shape of the difference spectra measured at
77 K resembles the spectra at 277 K. The key difference is the
more pronounced bleaching in the region of 670 nm at 77 K as
opposed to 277 K.
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Fig. 1 Light-minus-dark absorbance difference spectra of PSII RC
accompanying light-induced accumulation of reduced Pheo at 77 and
277 K (full lines) and the difference spectra after dark relaxation (dashed
lines). Samples contained 1 mg ml~' of dithionite and 10 uM of methyl
viologen.

Fig. 2 data are the kinetics of simultaneous measurements of
light-induced absorbance and fluorescence changes. Absorbance
kinetics are presented as a difference between absorption change
at 681 and 715 nm, being normalised to the absorbance at
677 nm of the actual sample (A4 s1.715/677). At high temperature,
absorbance and fluorescence changes were fully reversible.
The low temperature absorbance kinetic shows slow reversible
phase lasting several tens of minutes and an irreversible part
which corresponds to a spectrum of an electrochromic shift at
680 nm (see Fig. 1(b) dashed line). Such irreversible change
in fluorescence kinetics at low temperature may result from a
charge accumulation on a non-pigment molecule similar to that
which has been suggested in thylakoid membranes or isolated
PSII particles.”? Both the amplitude of the negative absorption
difference at 681 nm and the extent of the fluorescence quenching
are much lower at cryogenic temperatures than at 277 K. The
amplitude of light-induced changes at 681 nm normalised to
the absorption maximum (i.e. ratio of AA e 715/ A7) decreased
from about 0.06 at 277 K to 0.012 at 77 K. The light-induced
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Fig. 2 Absorption and fluorescence kinetics in PSII RC upon
light-induced accumulation of reduced Pheo at 277 and 77 K in presence
of dithionite. The scaling for absorbance and fluorescence measured at
77 K (in the lower part of the figure) is five times expanded relatively to
the upper part. Upward arrows: light on; downward arrows: light off.

decrease of fluorescence intensity declined from about 60% at
277 K to 3% at low temperature. This indicates that while the
absorption bleaching at 681 nm decreased about five times upon
the temperature decrease from 277 to 77 K, the light-induced
fluorescence quenching decreased about 20 times upon the same
temperature drop.

To further demonstrate the different extent of spectral changes
and the dependence between the accumulation of reduced Pheo
and the fluorescence quenching upon temperature decrease,
the temperature dependence of quenching efficiency of the
accumulated reduced Pheo was measured (Fig. 3). The fluo-
rescence quenching was normalized to the absorbance change
at 681 nm upon accumulation of reduced Pheo. The decrease
of quenching efficiency of reduced Pheo during the sample
cooling is evident. Similar temperature dependencies, as for the
efficiency of fluorescence quenching shown in Fig. 3, were also
found regarding the kinetics of electron transport and charge
recombination in purple bacterial reaction centre®® or for light-
induced changes of circular dichroism in the red region of the
absorption spectra’® and interpreted as possible conformation
changes accompanying primary processes in photosynthetic
reaction centres.
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Fig.3 Temperature dependence of quenching efficiency of accumulated
reduced Pheo plotted as the fluorescence quenching normalized to the
absorbance change at 681 nm vs. temperature. Fluorescence quenching
was calculated as (Fpark — Frigur)/ Fpark - Absorbance change, AA4 g 715
was normalized to the red absorption maximum at 677 nm for
each sample and each temperature (A4 g 715/ As7). Fluorescence was
measured above 650 nm.



Temperature dependence studies of protein reactions may
reveal aspects of conformational changes that accompany these
processes. At low temperatures many degrees of freedom are
thermally arrested. Charge separation is a substantial perturba-
tion of the protein that results in conformational changes that
can be studied on dark adapted and pre-illuminated samples.
Conformational changes were demonstrated mainly in long
range electron transfer studies in reaction centres of purple
bacteria,"*'” however, evidence exists for a crucial role of protein
conformation in a stabilisation of the separated charge in these
reaction centres.”® The conformation changes associated with
the charge separation in the PSII RC were also proposed.!®*2?

The pre-illumination effect on the chlorophyll fluorescence
quenching in PSII RC is demonstrated in Fig. 4. When the
reduced Pheo was accumulated prior to the sample cooling,
the fluorescence quenching was “frozen”. The resulting fluo-
rescence quenching at 77 K was comparable or even higher
(up to 67%) than the quenching observed above 240 K. The
strong pre-illumination effect on the temperature dependence
of fluorescence quenching efficiency of reduced Pheo suggests a
formation of a “quenching state” at physiological temperatures.
We assume that the “quenching state” is related to some
conformational changes that accompany the accumulation of re-
duced Pheo and enhance the non-radiative energy dissipation in
PSII RC.
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Fig. 4 77 K chlorophyll fluorescence quenching upon accumulation
of reduced Pheo at 263 K prior to freezing. At first the fluorescence
intensity was measured at 277 K (A). Afterwards the sample was cooled
to 263 K, irradiated for 10 s to accumulate reduced Pheo and then,
upon irradiation, quickly frozen to 77 K (B) by pooling liquid nitrogen
onto the sample. Then, the sample was warmed to 263 K, to allow
its relaxation, and frozen again to 77 K (C) in the dark. This cycle
was repeated. Fluorescence was measured above 650 nm. It is clear from
comparison of fluorescence intensity in parts B (freezing on illumination)
and C (freezing in the dark) that the chlorophyll fluorescence quenching
efficiency is much higher, when reduced Pheo is accumulated at high
temperature.

The matter of the conformational change that generates the
quenching state may have in principle two backgrounds, in a
protein dynamics or in Pheo molecule conformation change
itself. It was shown that not only protein conformation plays
a role in the charge transfer reactions but that at least two
conformational states of Bacteriopheophytine in the active
branch of purple bacteria reaction centres can be freeze-trapped
at 100 K after light induced formation of separated charge.
These conformational changes of the chromophore lead to a
rearrangement of the pigment protein interactions.”-

Quenching of PSII RC chlorophyll fluorescence emission
upon Pheo reduction was already observed some time ago.

Here we have demonstrated that the quenching efficiency
of reduced Pheo decreases with falling temperature, which
suggests a conformation-dependent chlorophyll fluorescence
quenching state of PSII RC. The physiological consequences
of the processes of non-radiative energy dissipation that protect
PSII against photoinhibition are obvious. The role of protein
dynamics in these processes is now more readily evident.

Acknowledgements

This work was supported by grants GACR 206/03/1107,
AV0Z50510513 and MSM6007665808

References

1 J. Barber and B. Andersson, Too much of a good thing-light can be
bad for photosynthesis, T1BS, 1992, 17, 61-66.

2 G. H. Krause and E. Weis, Chlorophyll fluorescence and photosyn-
thesis: The basics, Annu. Rev. Plant Physiol. Plant Mol. Biol., 1991,
42, 313-349.

3 A. Krieger, I. Moya and E. Weis, Energy-dependent quenching of
chlorophyll a fluorescence: effect of pH on stationary fluorescence
and picosecond relaxation kinetics in thylakoid membranes and PS
11 preparations, Biochim. Biophys. Acta, 1992, 1102, 167-176.

4 R. C. Jennings, F. M. Garlaschi and G. Zucchelli, Light-induced
fluorescence quenching in the light-harvesting chlorophyll a/b
protein complex, Photosynth. Res., 1991, 27, 57-64.

5 J. Barber and J. De Las, Rivas, Direct reduction of cytochrome
b559 by photoreduced pheophytin and its possible protection against
photoinhibition, Proc. Natl. Acad. Sci. USA, 1993, 90, 10942-10946.

6 V. V. Klimov, A. V. Klevanik, V. A. Shuvalov and A. A. Krasnovsky,
Reduction of pheophytin in the primary light reaction of photosys-
tem II, FEBS Lett., 1977, 82, 183-186.

7 V. V. Klimov, V. A. Shuvalov and U. Heber, Photoreduction of
pheophytin as a result of electron donation from the water-splitting
system to photosystem-ii reaction centers, Biochim. Biophys. Acta,
1985, 809, 345-350.

8 V. V. Klimov, Discovery of pheophytin function in the photosynthetic
energy conversion as the primary electron acceptor of Photosystem
I1, Photosynth. Res., 2003, 76, 247-253.

9 F. Vacha, D. M. Joseph, J. R. Durant, A. Telfer, D. R. Klug, G.
Porter and J. Barber, Photochemistry and spectroscopy of a five-
chlorophyll reaction center of photosystem II isolated by using a Cu
affinity column, Proc. Natl. Acad. Sci. USA, 1995, 92, 2929-2933.

10 F. Vacha, M. Durchan and P. Siffel, Excitonic interactions in the
reaction centre of photosystem II studied by using circular dichroism,
Biochim. Biophys. Acta, 2002, 1554, 147-152.

11 O. Nanba and K. Satoh, Isolation of a Photosystem II Reaction
Center Consisting of D-1 and D-2 Polypeptides and Cytochrome
b-559, Proc. Natl. Acad. Sci. USA, 1987, 84, 109-112.

12 P. Siffel, I. Hunalova and K. Rohacek, Light-induced quenching
of chlorophyll fluorescence at 77 K in leaves, chloroplasts and
Photosystem II particles, Photosynth. Res., 2000, 65, 219-229.

13 B. H. McMabhon, J. D. Muller, C. A. Wraight and G. U. Nienhaus,
Electron transfer and protein dynamics in the photosynthetic reac-
tion center, Biophys. J., 1998, 74, 2567-2587.

14 P. P. Noks, E. P. Lukashev, A. A. Kononenko, P. S. Venediktov
and A. B. Rubin, Possible role of macromolecular components in
functioning of photosynthetic reaction centers of purple bacteria,
Mol. Biol., 1977, 11, 835-842.

15 J. D. McElroy, D. C. Mauzerall and G. Feher, Characterization of
primary reactants in bacterial photosynthesis II. Kinetic studies of
the light-induced signal (g = 2.0026) and the optical absorbance
changes at cryogenic temperatures, Biochim. Biophys. Acta, 1974,
333,261-277.

16 D.Kleinfeld, M. Y. Okamura and G. Feher, Electron-transfer kinetics
in photosynthetic reaction centers cooled to cryogenic temperatures
in the charge-separated state-evidence for light-induced structural
changes, Biochemistry, 1984, 23, 5780-5786.

17 N. W. Woodbury and W. W. Parson, Nanosecond fluorescence from
chromatophores of Rhodopseudomonas sphaeroides and Rhodospiril-
lum rubum, Biochim. Biophys. Acta, 1986, 850, 197-210.

18 J. M. Peloquin, J. C. Williams, X. Lin, R. G. Alden, A. K. W. Taguchi,
J. P. Allen and N. W. Woodbury, Time-Dependent Thermodynamics
during Early Electron Transfer in Reaction Centers from Rhodobac-
ter sphaeroides, Biochemistry, 1994, 33, 8089-8100.

19 L. Konermann, G. Gatzen and A. R. Holzwarth, Primary processes
and structure of the photosystem II reaction center. Modeling of

Photochem. Photobiol. Sci., 2005, 4, 999-1002

1001




the fluorescence kinetics of the D-1-D-2-cyt-b(559) complex at 77 K,
J. Phys. Chem. B, 1997, 101, 2933-2944.

20 J. P. Dekker and R. van Grondelle, Primary charge separation in
Photosystem 11, Photosynth. Res., 2000, 63, 195-208.

21 R. Delosme, On some aspects of photosynthesis revealed by pho-
toacoustic studies: a critical evaluation, Photosynth. Res., 2003, 76,
289-301.

22 A. Ehrenberg, Protein dynamics and reactions of Photosystem II,
Biochim. Biophys. Acta, 2004, 1655, 231-234.

23 D. M. Tiede, E. Kellogg and J. Breton, Conformational changes
following reduction of the bacteriopheophytin electron acceptor
in reaction centers of Rhodopseudomonas viridis, Biochim. Biophys.
Acta, 1987, 892, 294-302.

1002

Photochem. Photobiol. Sci., 2005, 4, 999-1002

24 F. Miih, J. C. Williams, J. P. Allen and W. Lubitz, A Conformational
Change of the Photoactive Bacteriopheophytin in Reaction Cen-
ters from Rhodobacter sphaeroides, Biochemistry, 1998, 37, 13066
13074.

25 F. Miith, M. R. Jones and W. Lubitz, Reorientation of the acetyl
group of the photoactive bacteriopheophytin in reaction centers of
Rhodobacter sphaeroides: An ENDOR TRIPLE resonance study,
Biospectroscopy, 1999, 5, 35-46.

26 F. Mith, M. Bibikova, E. Schlodder, D. Oesterhelt and W. Lubitz,
Conformational relaxation following reduction of the photoactive
bacteriopheophytin in reaction centers from Blastochloris viridis.
Influence of mutations at position M208, Biochim. Biophys. Acta,
2000, 1459, 191-201.





