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Abstract

The recent crystallographic structure at 3.0 Å resolution of PSII from Thermosynechococcus elongatus has revealed a cavity in the protein
which connects the membrane phase to the binding pocket of the secondary plastoquinone QB. The cavity may serve as a quinone diffusion
pathway. By fluorescence methods, electron transfer at the donor and acceptor sides was investigated in the same membrane-free PSII core particle
preparation from T. elongatus prior to and after crystallization; PSII membrane fragments from spinach were studied as a reference. The data
suggest selective enrichment of those PSII centers in the crystal that are intact with respect to O2 evolution at the manganese–calcium complex of
water oxidation and with respect to the integrity of the quinone binding site. One and more functional quinone molecules (per PSII monomer)
besides of QA and QB were found in the crystallized PSII. We propose that the extra quinones are located in the QB cavity and serve as a PSII
intrinsic pool of electron acceptors.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Photosynthetic water oxidation is carried out by photosystem
II (PSII), a multisubunit protein complex embedded in the thy-
lakoid membranes of plants, algae, and cyanobacteria [1,2]. Two
PSII form a homodimer as originally revealed by electron
microscopy [3,4]. The absorption of sunlight by the chlorophylls
of PSII powers the oxidation of water molecules at the
manganese–calcium complex bound to the lumenal side of the
D1-subunit of PSII, a unique reaction yielding the dioxygen of
the atmosphere. The electrons derived from the Mn complex are
Abbreviations: β-DM, β-dodecylmaltoside; Chl, chlorophyll; DCBQ,
2,6-dichloro-p-benzoquinone; DF, delayed Chl fluorescence; ET, electron
transfer; PF, prompt Chl fluorescence; PQ, plastoquinone; PSI/II, photosystem
I/II; QA,B, plastoquinone molecules bound to the D2/D1 subunits of PSII; Si,
S-states of the Mn complex; YZ, the redox-active tyrosine-160/161 of the D1
subunit of PSII
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transferred via a redox-active tyrosine (YZ) to two protein-bound
plastoquinone (PQ) molecules at the reducing side of PSII. The
eventually formed quinole feeds its electrons into the electron
transfer (ET) chain of photosynthesis involving the cytochrome-
b6/f complex and PSI [2] and finally they are employed for
carbon-dioxide fixation in the Calvin–Benson cycle generating
carbohydrates.

After single-turnover excitation of PSII as provided, e.g., by a
Laser flash, first the quinone denoted as QA which is tightly
bound to the D2 subunit of PSII is reduced within <1 μs [5].
Thereafter, EToccurs fromQA

− to QBwhich is bound to a site on
the D1 subunit, on the hundreds of microseconds time scale [6].
After the second reduction of QA, somewhat slower ET to QB

−

occurs, QB
2− is protonated, leaves its binding site in form of the

quinole QBH2, and an oxidized PQ molecule is bound [6]. The
PQ exchange, at least in thylakoid membranes from plant
material, clearly must be rapid because after only ∼2 ms the
electrons of QBH2 serve to reduce the previously oxidized PSI
[7,8].

The above sequence of events has been known for long.
However, the problem has remained how the fast access of the
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Fig. 1. (A) Schematic drawing of the cavity in the D1 subunit of PSII of T.
elongatus that connects the membrane phase to the QB binding pocket as found
in the crystal structure at 3 Å resolution (for details see [9]). Relative positions
of the tails of lipids forming part of the wall of the cavity are indicated.
Dimensions are approximate and given in Å (B) Structure of the plastoquinone
molecule in the QB pocket as modeled on basis of the crystallographic data [9]
(PDB entry 2AXT). Only the first four isoprenoid units of the PQ9 have been
assigned.
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bulky PQ molecules (amphiphilic 2,3-dimethyl-1,4-benzo-
quinone head, long hydrophobic tail of nine isoprenoid units
(PQ9), Fig. 1B) to theQB binding pocket located in the interior of
the PSII protein complex and the rapid release of QBH2 to the
membrane phase is realized.

The most recent crystallographic structure of PSII from
Thermosynechococcus elongatus at 3 Å resolution [9] points to a
solution of this problem. In this structure, at variance with a
previous structure at lower resolution [10], most of the
chlorophylls including their side chains as well as several
carotenoid and lipid molecules have been assigned. Thus, it
became feasible to assess more reliably the apparently un-
occupied space in the protein. As a result, for the first time an
apparent cavity starting at the protein boundary of the D1 protein
facing the membrane and protruding up to the QB binding pocket
has been uncovered [9].

In the crystallographic data [9], besides that of the QB

molecule, there was no structured electron density in the cavity
that could be attributed to quinone and/or lipid molecules.
However, the size of the cavity seemingly was large enough to
accommodate QB, one or more further quinones, and perhaps
additional lipids (Fig. 1). Furthermore, lipid molecules were
resolved in the structure which are attached to the D1 protein of
PSII and some of them are placed in a way that their fatty acid
chains coat parts of the wall of the cavity (Fig. 1). It is thus
tempting to speculate that the cavity may provide a “lipid-
lubricated” pathway for quinone diffusion from the membrane
to the QB binding pocket and vice versa for quinole.

The question remains whether there are PQ molecules
located in the cavity in the crystallized dimeric PSII which is
devoid of the membrane due to detergent solubilization in the
course of the purification. Even if present, such PQ may not be
detectable in the crystallographic data due to disorder. Previous
EPR experiments [11] and biochemical studies [12] indeed have
provided evidence for the presence of more than one quinone in
PSII core particles from T. elongatus. However, their functional
relevance remained unclear.

In the present investigation we employed chlorophyll
fluorescence as induced by light flashes to investigate electron
transfer at both, the Mn complex of water oxidation and at the
quinone-reducing side of PSII. The same oxygen-evolving PSII
core particle preparation from T. elongatus as used previously
for crystallographic data collection [9] was studied prior to and
after crystallization and compared to PSII membrane fragments
from spinach. Using delayed Chl fluorescence (DF) measure-
ments [13], the ET at the Mn complex was characterized.
Measurements of prompt Chl fluorescence (PF) [6,13]
provided the number of electrons which were transferred at
the reducing side of PSII and, thus, the number of PQ
molecules that are functional and potentially located in the QB

cavity.

2. Materials and methods

2.1. Sample preparation

PSII core particles from T. elongatus were purified as described in [12] and
stored at −80 °C until use. This preparation preserves the native homodimeric
structure of the PSII complex as visible in the crystallographic data [9]. One
fraction of the crystallography-grade preparations was directly used for the
measurements (PSIIT

0). From a second fraction of the preparations, crystals
were grown as described in [12]. After careful redissolving of the crystals in a
buffer (100 mM PIPES pH 7.0, 5 mM CaCl2, 0.03% β-DM) [12], the resulting
PSII samples were used for the measurements (PSIIT

1). The number of Chls per
O2 molecule was determined by single-flash oxygen evolution measurements
[12,14]. Samples of PSII from T. elongatus containing ∼1 mg/mL of Chl were
diluted for the fluorescence measurements to 10 μg/mL of Chl in a buffer
containing 1 M glycine betaine, 15 mM NaCl, 5 mM MgCl2, 5 mM CaCl2,
25 mMMES, pH=6.2 (buffer A) and in addition 0.03% β-DM. DCBQ (40 μM)
was added as an artificial electron acceptor if applicable.

PSII membrane fragments from spinach (PSIIS) were prepared as outlined in
[15] and stored at a Chl concentration of ∼2 mg/mL at −80 °C until use. Their
oxygen-evolution activity was ∼1200 μmol O2 (mg of Chl h)−1 as determined
on a Clark-type electrode at 28 °C. About 2 mL of the samples were thawed for
∼1 h on ice, resuspended in ∼200 mL of buffer A and collected by
centrifugation (12 min, 4 °C, 20,000 rpm). The resulting pellet carefully was
resuspended in buffer A at a Chl concentration of∼100 μg/mL and stored on ice
until use. Samples for fluorescence measurements contained 10 μg/mL of Chl in
buffer A and 20 μM DCBQ if not otherwise stated.

2.2. Prompt Chl fluorescence (PF) measurements

PF measurements were performed using a commercial double-modulation
fluorometer (Photo Systems Instruments FL3000, Czech Republic) as previously
[13]. The PF was excited by discrete weak light pulses from a diode array
(λ∼620 nm, 8 μs duration) which were linearly spaced on a logarithmic time
scale. Saturating excitation of samples was provided by a frequency-doubled
Q-switched Nd:YAG Laser (Continuum Minilite II, λ=532 nm, FWHM=5 ns);
the spacing between flashes was 0.7 s. Laser pulse intensities were adjusted to
2 mJ cm−2 (PSII membrane fragments) or 13 mJ cm−2 (PSII from T. elongatus)
using the internal attenuator of the Laser and determined in parallel to the PF
measurements by a meter (Ophir Optronics Nova, PE10 measuring head). The
first data point was recorded at 76 μs after the excitation flash.



Fig. 2. Transients of delayed Chl fluorescence on flashes 1 to 8 given to dark-
adapted PSII preparations in the presence (top) and absence (bottom) of DCBQ.
The DF decay in the displayed time range of 0.5–4 ms after the flashes
predominantly is attributable to electron transfer Mn→YZ

U+ on the oxygen-
evolving transition. Data represent the average of three measurements on three
independent preparations of each type.
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2.3. Delayed Chl fluorescence (DF) measurements

DF (recombination Chl fluorescence) was measured using a laboratory-built
apparatus as outlined in [13,16,17]; the fluorescence was detected by a gated
photomultiplier (Hamamatsu R2066, PMT Gated Socket Assembly C1392-55).
Saturating flash excitation of samples was provided by the same Laser using the
same pulse intensities and flash spacing interval as used for the PF
measurements (see above). The DF was recorded in a time interval of 10 μs
to 60 ms after each flash. DF signals were corrected for a small contribution of
luminescence from the glass ware as described in [18].

2.4. Data evaluation

Fluorescence transients on each flash of a series of 32 flashes, after
amplification (Tektronix AM502), were acquired on a PC equipped with a 12-bit
20 MHz A/D-card (ADLINK PCI9812) at a sampling frequency of 1 MHz using
a home-made measuring program which employs an averaging procedure
resulting in data points which are linearly spaced on a logarithmic time scale
[18]. Data acquisition was started on each flash separately by a trigger pulse
from a photodiode. In both PF and DF measurements, the excellent signal-to-
noise ratio in principle allows for single-shot measurements. However, to
improve the statistics, transients from three independent preparations of each
type were averaged. The amplitudes and half-times of individual kinetic phases
of the time-course of PF and DF transients were evaluated by simulations using a
triple-exponential decay function plus an offset value. The magnitude of the
millisecond component of DF transients was approximated by summation of
data points in a time range of 1–4 ms after each flash [16].

3. Results and discussion

By delayed Chl fluorescence (DF) measurements [13], the
rate and yield of the oxygen-evolving transition of the Mn
complex [17–19] and the number of turnovers under flashing
light were assessed. DF measurements were performed using
three different PSII preparations. Membrane-free PSII core
particles from the cyanobacterium T. elongatus prior to (PSIIT

0)
and after crystallization (PSIIT

1) [12] were compared to PSII
membrane fragments from spinach (PSIIS) [15].

DF transients on the first eight Laser flashes applied to dark-
adapted samples in the presence and absence of the artificial
electron acceptor DCBQ are shown in Fig. 2. The decay of the
DF transients in the shown time range of 0.5–4 ms predomi-
nantly reflects electron transfer Mn→YZ

U+ on the O2-evolving
transition S3⇒S0 [13,16,18]. Faster DF decay components (not
shown) result from preceding relaxation processes likely
involving proton movements [13,17,20]. In all three prepara-
tions, the O2-evolving step occurred for the first time mainly on
flash no. 3 as visible by the corresponding large DF amplitude,
irrespective of the presence or absence of DCBQ, which
indicates that the major fraction of PSII centers carried a Mn
complex which was in its dark-stable S1 state prior to the first
flash.

The half-times (t1/2) attributable to the O2-evolving transition
were derived from simulations of the DF transients on flash no. 3
(see Materials and methods and [13,16–20]). In the two PSII
preparations from T. elongatus, t1/2 was only slightly larger than
that of 1.15 ms observed in PSIIS (Table 1). The value of 1.15 ms
is typical for the used highly active preparation [17,20–22]. The
half-time of O2 evolution is increased, e.g., when the extrinsic
proteins [23] bound to the lumenal side of PSII are partially
missing [24,39]. Accordingly, the main population of the PSII
preparations from T. elongatus was intact with respect to O2

evolution and presumably also with respect to the content of the
extrinsic proteins. A minor less intact population was clearly
larger in PSIIT

0 than in PSIIT
1 as judged by the increased t1/2 of

O2-formation of the former preparation. This result provides
evidence that the intact PSII centers are accumulated in the
crystals. In other words, the crystallization further purifies the
PSII preparation by reducing the fraction of PSII which is less
intact.

The magnitude of the millisecond DF component (Fig. 3,
open squares) revealed an oscillation with a period of four in the
presence of DCBQ. For these conditions, the unlimited electron
acceptor capacity allowed for multiple turnovers of the four-
stepped catalytic cycle of water oxidation. Superimposed to the



Fig. 3. The amplitudes of the millisecond component from DF data DF as
function of the flash number. Open squares, +DCBQ; solid squares, −DCBQ.
Amplitudes were determined by summation of the DF in the range of 0.5–4 ms
after each flash and normalized to unity on the 3rd flash; the first flash amplitude
was set to zero. Data sets are vertically displaced for comparison. Grey bars show
theDF offset presumably attributable to impaired centers (see the text for details).

Table 1
Parameters which characterize the three PSII preparations

PSII membrane
fragments from
spinach

PSII core particles from
T. elongatus

Before crystal After crystal

Chls per 1/4 O2 ∼200(a) 60±7 55±7
t1/2 of O2-formation [ms] 1.15±0.1 1.45±0.1 1.25±0.1
Non-QB centers [%] ∼20 ∼40 ∼30
Fraction of PSII centers with

a single or more extra PQ
∼100% 65–75% 70–80%

The number of Chls per released O2 of PSII from T. elongatus was determined
from single-flash oxygen evolution measurements; (a) the value for PSII
membranes was adopted from [15]. The half-time of the O2-evolving step was
derived by simulation of the ms-phase of DF transients. The percentage of non-
QB centers (upper limit) comes from the relative amplitude of the slowest PF
phase on flash 1. The fraction of QB-containing PSII centers with one or more
extra PQ was estimated from PF transients (see the text).
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oscillating amplitude, a DF offset was present which rose to a
maximum at higher flash numbers (Fig. 3, bars). The underlying
slow DF decay possibly may be attributable (i) to a lack of the
essential Ca ion, (ii) to a reduced content of one or several of the
three extrinsic proteins, or (iii) to the absence of Mn. Any of
these lesions may cause a slow DF phase on higher flash
numbers [21,22] due to charge recombination between QA

− and
YZ
U+ or the Mn complex. In PSIIS the respective portion of

centers showing a slow DF decay phase was small (Fig. 3, bars),
in line with the high O2-activity. In PSIIT

1 this portion was
much smaller than in PSIIT

0 again suggesting that those PSII
centers which are intact with respect to donor side integrity are
enriched in the crystals. Simulations (not shown) of the
oscillations in the flash series of the millisecond DF amplitude
(Fig. 3, open squares) [25] using the Kok-model of the S-state
cycle [26], including the offset amplitude, and assuming an
initial population of 100% S1 yielded percentages of centers not
hit by the flashes (misses, M) of 10% in PSIIS, 18% in PSIIT

0,
and 15% in PSIIT

1, respectively. It is likely that the S1-
population had been close to 100% because of the extended
dark-adaptation period prior to the measurements (preparation,
storage, and thawing of samples in near darkness). Allowing for
a maximal S0 population of 25% in the simulations caused the
miss factors to decrease, the above ordering with respect to the
three PSII preparations was preserved. (We note that the
amplitude of the millisecond DF component on flash 2 in the T.
elongatus data (Fig. 3) likely is not attributable to the O2-
evolving transition, but rather to slower processes in PSII
centers with a lesion at the donor side as discussed above.) The
higher miss factor in PSIIT (in comparison to PSIIS) presumably
was attributable to the flash illumination which was not 100%
saturating due to the smaller antenna size in the case of PSII
from T. elongatus.

In the absence of DCBQ, the electron acceptor capacity of
the reducing side of PSII is limited by the amount of quinone
molecules which originally are present in the preparations. In
PSIIS, because even the second maximum of the millisecond DF
phase on flash no. 7 was visible (Figs. 2 and 3), at least seven
single-electron turnovers were feasible. This number, taken at
face value, corresponds to the full reduction of the initially
bound QB, of two additional PQ molecules, and to the formation
of QA

−. In PSIIT
0 the electron acceptor capacity was somewhat

smaller than in PSIIS as the second maximum on flash 7 of the
millisecond DF phase was barely visible (Fig. 3, solid squares).
In PSIIT

1, the second maximum of the millisecond DF was
clearly visible although smaller than in PSIIS. These results
suggest the presence of at least one additional PQ besides of QA

and QB in the major fraction, but not in all centers, of the PSII
preparation of T. elongatus. From the DF amplitudes, an
estimate of the minimal number of PQ molecules per PSII was
obtained because only completion of a full O2-evolution cycle
can be detected. Further characterization of the PQ content was
derived from the monitoring of the ET at the reducing side of
PSII employing measurements of the prompt Chl fluorescence
(PF).

By PF measurements (Fig. 4), the oxidation of QA
− after

Laser-flash excitation is monitored by the decay of the level of
Chl fluorescence as excited by weak probe flashes [18,27].
Upon QA

− formation, the initial fluorescence (F0
ox) rises to

Fmax
ox. If the PQ pool becomes reduced, both F0

ox and Fmax
ox

are increased (to F0
red and Fmax

red) (Fig. 4B). This effect has
been attributed to the partial quenching of the PF by oxidized
quinones, contributing to the fluorescence induction curves
([28–30] and references therein). (In addition, the formation of
the higher S-states slightly decreases the PF yield; see below.)
The increase from Fmax

ox to Fmax
red was of similar magnitude



Fig. 4. Transients of prompt Chl fluorescence in a series of flashes given to the
three PSII preparations in the presence (A) and absence (B) of DCBQ. The
respective fluorescence levels discussed in the text are indicated. Black bars in
(B) shows approximate proportions of non-QB centers. Dots highlight the
oscillatory behavior of the initial PF amplitudes. Data represent the average of
measurements on three independent preparations of each type.
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in PSIIS and PSIIT (Fig. 4B), suggesting similar PQ-quenching
of the PF perhaps due to a comparable PQ content in both
preparations. We note that the observation of PQ-quenching in
the membrane-free PSII-core particles suggests that the PQ-
molecules associated with an individual PSII rather than the PQ-
molecules in the membrane phase are responsible for the
quenching effect.

The decay of the PF comprises at least three kinetic
components [6,31]. (1) The most rapid decay phase is due to
QA

− oxidation by electron transfer to QB, QB
−, or DCBQ on the
hundreds of microseconds time scale. (2) An intermediate PF
phase is due to centers where QB is not initially available, but
becomes bound to its site within milliseconds. (3) Charge
recombination between QA

− and the PSII donor side within
hundreds of milliseconds to seconds contributes to the slowest
PF decay. Accordingly, for a series of flash excitations of PSII,
the number of PQ molecules per PSII can be estimated from the
PF amplitudes of processes (1) and (2) which are associated
with ET between the quinones.

Fig. 4A shows PF transients induced by 32 Laser flashes
given to the three dark-adapted PSII preparations in the
presence of DCBQ. Apparently, the decay from its initial
maximum due to QA

− formation of the PF was rapid and almost
quantitative on all flashes and in the three PSII samples. The
small amplitude of the PF decay due to charge recombination
which was visible after the last flash of the series indicates that
the portion of centers in which QA

− was not accessible for
rapid oxidation was ∼10%. These results imply that, even
when the QB binding site initially was unoccupied, the
addition of DCBQ was sufficient to activate most centers. (It
has been reported [45] that DCBQ may become reduced in the
dark in a similar buffer as used here. Because the data in Fig.
4 clearly show that DCBQ was able to efficiently accept
electrons, there is no evidence for significant dark-reduction of
DCBQ in the present study).

Interestingly, a pronounced oscillation of the initial PF
amplitude with period of four and a maximum on flash 1 and
minimum on flash 3 was visible (Fig. 4A, dots) in the two
preparations from T. elongatus. Presumably it is attributable to
an S-state dependent PF yield (close to the F0-level) or
quenching by oxidized P680 (close to the Fmax-level) as
previously proposed ([28,32,47,48] and references therein). In
the PSII membranes the PF was larger on flash 1 and minimal on
flash 2, but oscillations were almost absent on higher flash
numbers. A possible explanation for the different oscillatory
behavior is that a period-of-two oscillation in the PF magnitude
due to alternating electron transfer events QA

−→QB and
QA

−→QB
− (see below) was superimposed to the quaternary

oscillation due to the S-state cycling in the PSII membranes, but
not in PSII from T. elongatus, because only in the core
preparation QB was replaced by DCBQ. The pronounced S-state
dependence of the PF in PSII of T. elongatus deserves in-depth
analysis, but is not further assessed in the present study.

In the case of PSII from T. elongatus, the initial PF amplitudes
in the absence of DCBQ revealed a binary oscillation with
minimum on flash 1 and maximum on flash 2 (Fig. 4B, dots).
The quaternary oscillation observed in the presence of DCBQ
(Fig. 4A) was no longer detectable. In PSIIS the flash-number
dependent variations of the PF amplitudes were different. The PF
amplitudes may reflect variations of the PF yield due to reactions
at the quinone-reducing side or at the Mn complex. If the initial
PF-yield was smaller upon formation of QA

− in the presence of
QB than in the presence of QB

−, the oscillation of the initial PF
amplitudes (Fig. 4B, dots) suggests that QB was largely oxidized
prior to flash 1 in the PSII from T. elongatus.

An estimate of the numbers of electrons that were transferred
at the reducing side of PSII was obtained from triple-exponential
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simulations (not shown) of the data in Fig. 4B (see Materials and
methods). (The respective apparent halftimes (see below) were
considerably longer than those in thylakoids from plant material
[6,8,31] and in the non-oxygenic, but structurally related
reaction center of purple bacteria [33,34]; an effect of the
detergent on the quinone-reducing side of PSII cannot be
excluded.) The total PF decay due to ET between the quinones
was derived by summation of the amplitudes of the two most
rapid PF phases with halftimes in the range of 0.5–2 ms and 5–
20 ms, respectively. The mean half-time of charge recombina-
tion resulted from a biexponential fit plus offset of the PF decay
after the last flash of the series. It was ∼0.8 s in PSIIs and larger
(∼2.8 s) in PSIIT. The offset magnitude was assumed to
represent the F0

red level (Fig. 4B, dotted lines). The sum of the
amplitudes of the first two PF decay phases was normalized on
the respective difference (Fmax−F0) on each flash. The resulting
relative amplitudes as function of the flash number are shown in
Fig. 5.

In PSIIS, the PF decay due to ET between the quinones
amounted to∼80% of the total amplitude on the first two flashes,
the respective values were∼60% in PSIIT

0 and∼75% in PSIIT
1.

The remaining PF mainly decayed by charge recombination in
non-QB centers. Accordingly, the population of such centers was
diminished in the crystallized PSII from T. elongatus and
amounted to less than 30%. On higher flash numbers, the relative
amplitude of the rapid PF decay decreased (Fig. 5) due to
exhaustion of oxidizable PQ molecules. That this decrease was
steeper in PSIIS than in PSIIT

1 may reflect the increased miss
factor in the latter preparation or movement of quinones between
PSII centers in the membrane of the PSIIS preparation.

In the following the data of Fig. 5 are discussed in more detail
for the PSIIT

1, i. e. the PSII core complexes after crystallization.
As outlined above, 70–75% of these contain at least one
functional QB-type quinone besides QA, as indicated by the
value of PFrapid for the first two flashes.We estimate that of these
close to 80% contain two quinones besides QA, because the
PFrapid-value for the third and fourth flash is by ∼20% lower
than for the first and second flash. The values for the fifth and
Fig. 5. The sum of the relative amplitudes of the two rapid PF decay phases of
the three PSII preparations for the first 15 flashes. From these data, the fraction
of PSII which transfers an electron from QA to QB can be estimated (for each
flash).
sixth flash indicate that most likely a fraction of PSII contains
even three functional PQ in addition to QA. Quantification of this
fraction is hampered by the influence of miss events and slow
charge recombination in the PSII with exhausted PQ pool. We
roughly estimate that 20–35% of the PSIIT

1 contain a pool of
three PQ molecules. The above numbers suggest that each PSII
on the average contains close to three quinones (QA and QB-
pool) which agrees with the 2.9±0.8 quinones per PSII
previously found by liquid chromatography [12]. In the PSIIT

0

the number of functional quinones per PSII may be slightly
smaller, in PSIIS slightly greater than in PSIIT

1 (Table 1).
In the above analysis of the PF data (Figs. 4 and 5) we

implicitly assumed that the PF magnitude is linearly related to
the amount of PSII centers with reduced QA (closed centers).
This assumption is only approximately valid due to excitation
energy transfer from PSII with reduced QA to PSII with oxidized
QA, a phenomenon denoted as PSII connectivity (see [28,43]).
The effect is that the fluorescence level for a given fraction of
closed centers is smaller than expected for a linear relation. Thus,
in the above considerations, the extent of the kinetic components
reflecting electron transfer between the quinones may be slightly
overestimated. In the case of the dissolved PSII core particles
from T. elongatus excitation energy transfer between PSII
dimers is almost negligible [46] and thus the influence of
connectivity likely is small. In line with this notion, the
estimated PQ content is similar to previous estimates [12]. In
the used PSII membranes connectivity has been quantified
previously and also is relatively small (p=0.319) [13].
Accordingly, the average PQ pool size found here for PSII
membranes of 2–3 PQ per PSII (besides of QA) will be close to
the real value. This PQ pool is considerably smaller than that
(∼6 PQ per PSII) determined for PSII in thylakoids [38,44].
Seemingly, some quinones were extracted during the detergent
treatment in the preparation of the PSII membranes.

A fully quantitative determination of the PQ distribution
among PSII centers from the fluorescence data may be
experimentally feasible (see, e.g., [43]), but is not straightfor-
ward and beyond the scope of the present work. Future studies
along this line may result in further insights into the mechanism
underlying the retention of quinone [41].

4. Conclusions

Investigation of the ET reactions at the donor and acceptor
sides of PSII core particles from T. elongatus [9,12] in
comparison to PSII membrane fragments from spinach using
Chl fluorescence techniques provides insights into the integrity,
functional competence, and PQ content of the reaction centers.
The obtained results are summarized as follows.

(1) PSII core particles from T. elongatus which previously
have been crystallized were compared to the same preparation
before crystallization. The crystallized PSII contains less non-
QB centers and shows a smaller half-time of oxygen-evolution
which is more similar to that of the highly intact PSII
membranes than the non-crystallized PSII. A slightly lower
Chl content, but higher PQ content was determined in the
former samples. Accordingly, the PSII in the crystals seems to
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be more intact with respect to the Mn complex of water
oxidation (e.g. presence of the three extrinsic proteins, Mn, and
Ca) and to the quinone binding site. These results suggest that
the intact PSII is selectively enriched in the crystals.

(2) Approximately two PQ molecules besides of QA are, on
the average, reducible in the crystallized core particles from
T. elongatus. The majority fraction of PSII seems to contain two
QB, whereas sizable minority fractions contain either none or
three functional quinones besides QA. That more than one QB is
present, is in line with previous studies [11,12,35]. The total
value of about three PQmolecules per PSII center is in agreement
with the 2.9±0.8 PQ per PSII found earlier in the same
preparation [12]. We show here that this PQ is functional. As the
membrane is absent in the core particles, we hypothesize that the
spare PQ is located in the cavity pointing to the QB-site [9]. It is
worth to note that several PQ molecules also have been found in
PSII core preparations from other cyanobacteria [36,37]. If there
is a similar cavity as in the cyanobacterial PSII in the plant
material, it may also contain minimally two PQ molecules.
However, the PQ content of PSII membranes seems to depend on
the particular type of preparation [38]. We note that induction of
the four steps of the catalytic cycle of water oxidation by four
flashes, may not require the addition of artificial electron
acceptors even in non-membraneous PSII preparations. Thus, in
principle, by flash-illumination higher S-states can be reached in
PSII crystals and studied crystallographically.

(3) The association of superstoichiometric numbers of
quinone molecules with membrane protein complexes pre-
viously has been described, e.g., in the case of the bacterial RC–
LH1 complex of Rhodobacter sphaeroides [40,41] and in
proteins of the mitochondrial respiratory chain [42] and the
formation of a quinone-rich phase at the membrane–protein
interface involving both quinone–protein and quinone–quinone
interactions has been discussed [41]. In the light of the
crystallographic findings [9], one interpretation of the results
in the present work is that at least in photosystem II, the efficient
replacement of quinones for electron transfer further may require
more specific structural determinants, namely the QB cavity
connecting the membrane phase to the QB site.

In conclusion, we have observed extra PQ molecules in the
three PSII preparations. Specifically in the previously crystal-
lized PSII core particles it is unlikely that the quinones are
attached to the periphery of PSII. Thus, we propose that these
quinones are located in the QB cavity, supporting the previous
suggestion [9] that there is a specific diffusion path for PQ
between the membrane phase and the QB binding pocket. The
extra PQ may function as a buffer. By the rapid exchange of
QBH2 against one of the PQ molecules in the cavity, the ca-
pability of PSII to transfer electrons at the acceptor side quickly
would be restored.
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