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ABSTRACT: Crystals of photosystem II (PSII) contain the
most homogeneous copies of the water-oxidizing reaction
center where O2 is evolved (WOC). However, few functional
studies of PSII operation in crystals have been carried out,
despite their widespread use in structural studies. Here we apply
oximetric methods to determine the quantum efficiency and
lifetimes of intermediates of the WOC cycle as a function of
added electron acceptors (quinones and ferricyanide), both aerobically and anaerobically. PSII crystals exhibit the highest
quantum yield of O2 production yet observed of any native or isolated PSII (61.6%, theoretically 59 000 μmol O2/mg Chl/h).
WOC cycling can be sustained for thousands of turnovers only using an electron acceptor (quinones, ferricyanide, etc.).
Simulations of the catalytic cycle identify four distinct photochemical inefficiencies in both PSII crystals and dissolved PSII
cores that are nearly the same magnitude. The exogenous acceptors equilibrate with the native plastoquinone acceptor at the QB
(or QC) site(s), for which two distinct redox couples are observable that regulate flux through PSII. Flux through the catalytic
cycle of water oxidation is shown to be kinetically restricted by the QAQB two-electron gate. The lifetimes of the S2 and S3
states are greatly extended (especially S2) by electron acceptors and depend on their redox reversibility. PSII performance can
be pushed in vitro far beyond what it is capable of in vivo. With careful use of precautions and monitoring of populations, PSII
microcrystals enable the exploration of WOC intermediates and the mechanism of catalysis.

KEYWORDS: photosystem II, (micro)crystals, oxygen-evolving complex, S states, quantum yield, electron acceptors

■ INTRODUCTION

Photocatalysis of water splitting into protons, electrons, and
oxygen is considered an indispensable requirement for utilizing
solar energy for both energy storage and a future hydrogen
economy. Nature has evolved a singular enzyme for performing
this reaction across all organisms capable of oxygenic
photosynthesis: photosystem II (PSII). The atomic structure
of cyanobacterial PSII has been elucidated in atomic detail by
crystallography, but state-of-the-art functional characterization
of the four-step photocatalytic cycle from PSII crystals has
lagged behind. The first crystal structure of PSII was solved at a
resolution of 3.8 Å by Zouni et al. in 2001,1 after which crystal
structures at increasing resolution were published, progressing
to 3.7 Å,2 3.4 Å,3 2.9 Å,4 and by 2011 to 1.9 Å,5 high enough
that the near-atomic structure of the enzyme can be observed.
Discrepancies were observed between crystal structures
determined and spectroscopic results which indicated that X-
ray induced damage may alter the structure of the water
oxidizing complex (WOC).6−8 It should be noted that the
improvement in resolution was achieved by partial dehydration
of the crystals leading to very tight packing that may limit

conformational changes in PSII including quinone exchange.
The recent advent of the X-ray free electron laser, which
provides ultrabright ultrashort X-ray pulses of 10−50 fs pulse
duration, capable of obtaining structural data prior to structural
damage,9,10 allows for diffraction data to be serially collected at
room temperature leading also to the first time-resolved X-ray
crystallographic structures.11−15 However, the interpreted
results differ strongly, raising the question of whether PSII
functionality, including the function of the WOC and quinone
exchange, is maintained in the crystals. While crystals contain
the most homogeneous form of PSII, the function of PSII may
be altered when the molecules are extremely tightly packed, as
is the case for several recent high resolution studies.12,14,15

Loose packing of PSII in crystals limits resolution of Bragg
diffraction, but allows for higher resolution structures to be
determined with evaluation of continuous diffraction. The
latter represents a single particle diffraction pattern of the four
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PSII molecules in the unit cell and allows for direct phasing of
the data.9,16 High-throughput methods for production of large
numbers of extremely high purity microcrystals have been
developed (Scheme 1), allowing the further expansion of high-

resolution SFX data to be collected on PSII crystals that are
not dehydrated. These microcrystals, in addition to being
extremely high purity, retain almost 100% of activity for
months in storage at 4 °C or days on the benchtop.9,11

There are multiple expected benefits to use of crystals for
study and understanding of the mechanism of water oxidation;
however, one must cleanly control formation of individual
intermediate states in the catalytic cycle (S states). The
challenges are 3-fold: solving the ambiguity over both the
resting populations of the four individual S states in the dark
and their respective spin isomers (two, three, or more per S
state), the difficulty of cleanly advancing through the cycle
using flashes owing to intrinsic limitations in PSII photo-
chemistry (misses, etc.), and to insufficient light saturation at
high optical density.12,15,17,18 However, the success of a photo-
oxidation flash applied to PSII microcrystals has yet to be
accurately determined for a series of multiple flashes. Thus,
several contradictory models of the WOC mechanism and the
structures of the intermediates in higher S states have been
published and the discrepancies are still unsolved.12,15,19−22

Experimental evidence of dark S state populations, isomers,
and fidelity of flash-induced S state advances in PSII crystals
are necessary to clarify what a given crystal structure shows.
This information is presently lacking. Only recently have
simple attempts been made to address the matter via
quantitative measurements of PSII operation,12,15,23 and this
approach has been limited by the same fundamental
assumptions which lead to conflicting evidence and inter-
pretations. The results reported do not sufficiently take into
account the possibility of various inefficient processes within
PSII and assume ideal operation when there is no evidence to
support this in PSII microcrystals. We undertook this study to
provide a quantitative description of the PSII photocycle in
microcrystals in order to inform the user community
conducting crystallographic and spectroscopic studies.
In this research, we examine PSII microcrystals to determine

their S state populations, lifetimes, and quantum yields as a
function of flashes and light intensity, using a range of electron
acceptors. In nature, PSII is embedded within the native
membrane and equilibrates with excess plastoquinone/
plastoquinol (PQ/PQol) from the pool within the thylakoid
membrane. In crystals, maintaining oxygen evolution over
multiple cycles of the WOC reaction requires supplemental
electron acceptors, as in their absence PSII may even form
reactive oxygen species where dissolved O2 serves as a (poor)
electron acceptor. The choice of terminal electron acceptor can

substantially alter the overall photochemical activity of PSII
due to individual binding affinities and regulation by the
endogenous QAQB plastoquinone electron carriers (QA and QB
− primary and secondary quinone electron acceptor).

■ MATERIALS AND METHODS

Isolation and Crystallization of PSII. PSII dimers were
isolated from Thermosynechococcus elongatus as described
previously.11,24,25 Briefly, the intact PSII dimer is solubilized,
starting from purified core complexes, into detergent micelles
using ultrapure, stereochemically pure beta-dodecylmaltoside
(β-DDM) (Glycon Biochemicals) as detergent. As this
complex contains 70 chlorophyll/PSII dimer, the protein
concentration is determined on the basis of the chlorophyll
(chl) concentration. In order to solubilize this complex in its
most active form a fixed ratio of detergent to chl of 0.7% β-
DDM to 0.5 mM chl is necessary. The PSII-dimer-detergent
micelle is purified by tentacle ion exchange chromatography
(Toyopearl) and further purified by four rounds of
recrystallization. PSII is crystallized in batch at 0.5 mM
chlorophyll concentration using PEG2000 as a precipitant and
repeated four times after resolubilizing by dilution of chl. In
each recrystallization step, the PEG concentration is decreased,
performing the initial precipitation at 7.5% PEG, the second
step at 6.5% PEG, the third step at 5.5% PEG, and the last step
at 4−5% PEG. The crystallization steps were performed in
buffer consisting of 100 mM PIPES at pH 7.0, 5 mM CaCl2, 10
mM tocopherol, and 0.02% β-DDM. Crystals were uniformly
10−12 μm in diameter as determined by optical microscopy
(inset to Scheme 1). Measurements of crystals were done in
stabilizing buffer: 100 mM PIPES at pH 7.0, 5 mM CaCl2, 10
mM tocopherol, 20% PEG 2000, and 0.02% β-DDM.

Light Excitation. To attain sufficient intensity across the
visible spectral region, we used a high pressure Xe flash lamp
(model ISSh-400, Soviet Air Force). The flash duration at half-
maximum (fwhm) is about 1 μs and the delivered optical
energy was adjusted to achieve maximum O2 yield, as shown in
Figure 1. Based on the measured flash profile, 99% of the
energy is delivered in pulse of under 15 μs duration.

Flash Oximetry. All O2 measurements were carried out
using a Pt−Ir working electrode covered by ultrathin
membrane (rate electrode).26 The small sample chamber
volume (8 μL) and 4 mm diameter results in rapid
consumption of O2 from the sample when it is sealed with a
glass cover for anaerobic conditions. A Teflon ring spacer was
added to produce aerated conditions, as described in the figure
legend. The membrane prevents diffusion of added electron
acceptors to the electrode surface.27 All measurements were
conducted using a constant DC voltage bias without an AC
filter. All O2 signals are directly proportional to the current
needed to reduce O2 to water. The O2 yield was obtained by
integration of the current pulse and using Faraday’s law (4e−/
O2). Crystals were diluted to a working concentration of
approximately 4800 crystals per μL of sample and uniformly
spread to avoid shading effects on the electrode. At working
concentration, the crystals have sufficient area to cover only
30% of the electrode surface, thus minimizing the likelihood of
crystals shading other crystals during measurements. This
conclusion was confirmed as the O2 signals were a linear
function of the crystal content. To prevent precipitation of
microcrystals in oxygen microcell 10% Biogel P-10 was used,
which was acquired from BioRad.

Scheme 1. Preparation and Investigation of High-Purity
PSII Microcrystals
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The flash-induced O2 signal from microcrystals detected by
the rate electrode reflects current generated by O2 reduction,
and requires 2 s to return to the baseline (95% recovery),
which limits the flash rate to slower than 0.5 Hz. However,
such slow integration cannot avoid loss of some S state
populations because of deactivation during the dark period
between flashes. For this reason the oxygen yield was obtained
using the difference between the preflash minimum and the
maximum peak which occurs within 0.8 s for each O2 kinetic
curve. This method allows the O2 current to replace the O2
charge under the integrated curve for relative measurements
and reduces losses from S state decay.
Evaluation of O2 Evolution Data. Model-independent

analysis of oxygen yield was performed via Fourier trans-
formation to determine the flash frequency distribution that
produces O2.

28 Model-dependent analysis of the WOC cycle
was done by fitting the O2 flash yields to a four-parameter
asymmetric Markov model denoted VZAD (Vinyard, Zachary,
Ananyev, and Dismukes model), as described in prior
work.27,29 VZAD fitting accuracy was determined by nonlinear
least-squares RMS deviation of the fit. Quantum yields of
oxygen evolution were determined by dividing the oxygen yield
per D1-PSII by the theoretical maximum oxygen evolution
from a saturating flash in a fully scrambled population, 250
mmol O2 per mol D1.
Electron Acceptors. Synthetic quinones 2,6-dichloroben-

zoquinone (DCBQ), 2,5-dimethyl-p-benzoquinone (DMBQ),
and phenyl-p-benzoquinone (PPBQ) were obtained from
Aldrich Chemical Co. (98% purity). These were purified by
double recrystallization in ethanol and subsequently dissolved
in dimethyl sulfoxide (DMSO) at 10 mM concentration, and
they were further diluted into samples for experiments.
K3Fe(CN)6 (potassium ferricyanide, abbreviated FeCN
below) was obtained from Sigma-Aldrich (99% purity).

■ RESULTS
Optimizing Light Intensity. Cyanobacterial PSII contains

a core antenna system consisting of 31-antenna Chl per PSII

monomer plus 4-reaction center Chl which are part of the
electron transfer chain. In addition to receiving excitation
energy directly from the core antenna, phycobilisomes are
associated with PSII on the stromal side and serve as a
peripheral antenna system that absorbs light in the “green gap”.
As PSII microcrystals do not contain phycobilisomes, they are
solely reliant on chlorophylls (35 Chl/PSII) for light capture
and charge separation.11 This decreases the cross section for
light capture by at least an order of magnitude as compared to
living cells. Accordingly, it is necessary to supply a far greater
light intensity to achieve saturation of photochemical steps in
core complexes.15,18,27,30,31 The saturating light intensity in a
microcrystal system must therefore be empirically determined
as demonstrated in Figure 1.
From left to right in Figure 1, flash intensities of 170, 215,

and 260 μJ (optical energy; 13.5, 17.1, and 20.7 μJ/mm2

delivered to the thin layer of crystals) from a xenon flash lamp
were tested to determine saturation of O2 yield. Peak O2 yield
was observed at 215 μJ, while less O2 was produced at both
170 μJ and even less at 260 μJ. As no external quinones were
added, only dissolved O2 from air or residual plastoquinone
could serve as electron acceptor. In principle each PSII should
only be able to produce a maximum of one cycle of oxygen, as
the oxidized internal QA and QB acceptors can be reduced by a
total of three electrons without reoxidation. However, as seen,
some oxygen is still evolved in the second cycle, even under
optimized light intensity, indicating another electron acceptor
is present. At subsaturating light intensities (170 μJ), a larger
fraction of PSIIs do not produce O2 on the first cycle and have
an increased second cycle yield because of greater photo-
chemical misses. At 260 μJ the total yield is decreased,
indicating that too much light caused photoinhibition. The
light intensity dependence of O2 evolution from dissolved PSII
cores has very similar dependence, as described later (Figures
S1 and 8B).

Effect of Oxygen. The next set of experiments studied
how the presence of O2 in air influenced the flash-induced O2
signal in the absence of synthetic electron acceptors. It was
previously shown that dissolved O2 can serve as an electron
acceptor from QA

− and/or QB
2− in spinach PSII membrane

fragments, where up to 15% of generated electrons may be
directed to oxygen.32 To test the turnover efficiency of PSII
microcrystals, we performed two experiments under aerobic
and near-anaerobic conditions (Figure 2)
A 20% decrease in the integrated flash O2 yield from the first

flash train (with most oxygen coming from the first four
flashes) is observed under near-anaerobic vs aerobic conditions
(Figure 2A). The oxygen yield continues to decline with each
train under near-anaerobic samples, dropping to under 20% of
the initial oxygen evolving activity by the end of measurements.
The remaining oxygen evolving activity is likely due to use of
some of the O2 produced by the WOC as an electron acceptor.
In air, a decline to 83% of the initial activity is observed on the
second train and is followed by a much slower loss of activity,
only 5% more over the next 10 flash trains. This shows that
crystallized PSII has the capacity to accept three endogenous
electrons under anaerobic conditions, and that dissolved
oxygen can serve as a terminal electron acceptor on a slow
time scale, faster than the 10 min dark period between trains,
but far slower than the 2 s time between flashes.

Quantum Yield and Efficiency of PSII Microcrystals.
The decrease in oxygen-evolving activity can be completely
ameliorated by adding a fast-acting electron acceptor such as

Figure 1. Flash O2 yield dependence from PSII microcrystals on
xenon flash lamp energy (given in μJ) using 1-μs flashes. Samples
were dark-adapted for 10 min prior to each flash train (not shown in
figure) and fresh samples were used for each light intensity. These
measurements were conducted in aerobic conditions in the absence of
any electron acceptor at room temperature. Twenty flashes per train
were applied at 0.5 Hz. Data shown is representative of three replicate
experiments.
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PPBQ and FeCN. The use of acceptors to allow for electron
transfer to continue over several cycles to maintain or increase
PSII activity and oxygen evolution is universally recognized
and widely reported.27,30,33−37 All acceptors used herein are
well established to accept electrons from PSII.37−39 The aim of
our studies here is to establish which one produces the highest
O2 flash yields and sustains the oscillations over the largest
number of flashes for use in turnover and S state lifetime
studies. We monitored the steady-state oxygen yield (yield-SS),
the average yield from the first four flashes (yield-4F), and the
number of sustained oscillations using PPBQ, DMBQ and
FeCN (Figure 3). Aerobic conditions were used, as oxygen is a
necessary acceptor over long dark periods but has negligible
effect within individual trains.

The quantum efficiency of oxygen evolution in vivo27 and in
vitro40,41 is often substantially lower than the theoretical
maximum of one molecule of oxygen per D1 on every fourth
saturating flash, ranging from under 2% to about 33% in prior
reports.27,30,33,41,42 The source of this low quantum efficiency
is a combination of native inefficiency processes (misses,
backward transitions, and photoinactivation of active PSII
centers, WOC reduction by photoaccumulated quinols etc.,
and inactive PSIIs). The existence of at least some nonfunc-
tional PSII in all but the highest-purity core complexes is
known.43 In PSII microcrystals, the observed range of quantum
yields (and quantum efficiencies) depends strongly on the
electron acceptor system (Figure 4).
With optimization of electron acceptors, PSII microcrystals

can greatly surpass the previous record oxygen quantum yields
from noncrystalline PSIIs. Furthermore, the characteristic loss
of activity during a flash train in the absence of added acceptor
can be prevented; at optimal concentration of PPBQ the initial
activity on the first cycle is 60% higher (yield-4F = 103.3,
Figure 4) than with no acceptor (only air). Only a minimal loss
of O2 evolving activity was observed over a train of 30 flashes
(yield-SS = 103.3, Figure 4). Other quinones give lower yields
(DCBQ and DMBQ, Figure 4 and Table 1). As accumulation
of the reduced quinol (QH2) continues during illumination,
the O2 yield drops below that observed with FeCN alone, as
shown in Figure 5B. This indicates that in addition to lower
yield due to consumption of the quinone, the accumulation of
the quinol leads to inhibition of oxygen evolving activity,
driving it below the level of activity seen with FeCN. This
reduction of activity is reversible upon removing the
supernatant and restoring the original electron acceptors,
indicating that PSII is not photoinhibited (see Figure S1). This
is described further in the next section. In support of this
interpretation, prior studies have indicated that accumulation
of reduced PQH2 in native membranes, caused by reduction of
the PQ pool, leads to a proportional increase of backward
transitions at the WOC.27,30

Ferricyanide (FeCN) is a water-soluble one-electron
reversible oxidant with midpoint potential +358 mV (varies
with environment36), sufficient to oxidize both the semi-
quinone anion radical and the quinol forms of all three
acceptors studied herein. However, reaction with the quinol
form is slow as this requires a proton acceptor better than
water. By contrast, reaction with the semiquinone anion is fast
as it requires no acceptor.34,36 It is also a well-known, albeit
comparatively inefficient, electron acceptor for PSII.44 Use of
both a quinone and FeCN together as electron acceptors
produces a larger increase in O2 yield than either one alone for
all quinones studied. PPBQ+FeCN yields the largest increase,
by more than 2-fold. Combining these electron acceptors gives
the greatest number and amplitude of visible oscillation
periods (over 25 visible cycles in Figure 3D) and yields a
record quantum efficiency for O2 production of 61.6%.
FeCN and PPBQ do not act solely at the same (QB) site

within PSII36 and as expected support very different O2 flash
yields as seen in Figure 5A,B. In the presence of PPBQ alone,
3-fold more oxygen is initially evolved than in the presence of
FeCN alone, 110 mmol/mol PSII vs 32 mmol/mol PSII, using
the optimal concentration of each. PPBQ is the preferred
electron acceptor, as further indicated by Figure 5C, showing
the two phases of acceptor control (5A and B) effectively
superimposed on one another with the PPBQ phase coming
first. By integration of these traces, it is possible to determine

Figure 2. (A) Average of the flash oxygen yield on the first four
(single turnover) flashes per PSII from a microcrystal sample under
aerobic and anaerobic conditions with no exogenous electron
acceptors. To bring most of the PSII complexes in the crystals to
the S1 state, the crystals were subjected to one preflash then 10 min
dark preincubation time following the preflash, before exposure to a
train of 20 1-μs Xe flashes at 0.5 Hz. This sequence was repeated 10
times with 10 min dark preincubation before each sequence. (B) and
(C) show the raw data for the first and tenth train of 20 flashes for
near-anaerobic (residual oxygen content about 0.5 mmol O2/mol
PSII, or too little signal to be clearly distinguished from electrical
noise) and aerobic samples. Near-anaerobic conditions were achieved
by sealing the chamber during preincubation to allow the electrode to
consume residual oxygen.
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the relative electron capacity of the acceptor pool from the
number of molecules of oxygen generated over time. The 2
mM FeCN supplied approximately 5000 electron-holes per
PSII, while the 400 μM PPBQ removed a further 2000
electron-holes (being able to accept two electrons rather than
one). Of these acceptor pools, 370 electrons were accepted by
the PPBQ alone and 550 by the FeCN, while the acceptors
used together were able to take up 870 electrons. Areas
integrated to obtain yields are shown in yellow in Figure 5. The
end point in these titrations, where zero O2 activity is reached,
occurs more quickly using only PPBQ and no FeCN after 12
flash trains (1440 flashes). This compares to 37 flash trains
(4440 flashes) with both PPBQ and FeCN, and 50 flash trains
(6000 flashes) with FeCN alone. The integrated yield of O2
produced by the two individual acceptors is only slightly less
than the yield produced when the two acceptors are combined
together.
Taken together, these data on the peak positions, integrated

electron capacities and chemical preference for distinct
terminal electron acceptors indicate the presence of two
internal electron acceptors in PSII that control the yield of O2.
These distinct internal electron acceptors possess increasingly
more positive reduction potentials, presumably (Q/Q−)A and
(Q/Q−)B, although we do not exclude the putative QC site
(proposed quinone site within PSII) as a possibility.4

Figure 3. (A) Sustained oscillations of oxygen flash yield from dark-adapted suspensions of PSII microcrystals in the absence of electron acceptors
(black) or in the presence of 400 μM quinone acceptor (PPBQ, red, or DMBQ, green) or 2 mM ferricyanide were subjected to one train of 20
saturating Xe flashes at 0.5 Hz under air headspace. Comparison of (B) PPBQ and (C) FeCN as sole acceptors to the best acceptor pair (D) 400
μM PPBQ plus 2 mM FeCN. Insets to (B), (C), and (D) show expansion of oscillations from flashes 40−100. Optimal electron acceptor
concentrations were determined via titration for oxygen yield (Figure S2). Representative data from a set of three replicates are given.

Figure 4. Effect of electron acceptors and dissolved oxygen on the
quantum yield of flash-induced oxygen (QY = oxygen molecules
produced per 1000 PSIIs per flash). Gray: Average yield from the first
four flashes (yield-4F). Red: Average yield at steady-state (yield-SS).
QY = 250 is equivalent to one molecule of oxygen evolved per WOC
every four flashes, the theoretical maximum for a four-photon WOC
cycle. Measurement conditions were as described in Figures 2 and 3;
400 μM DCBQ was used where denoted.
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Table 1. PSII S State Populations and Inefficiency Parameters Obtained from Fitting the Data in Figure 7B,C to the WOC
Cycle Model¶

¶400 μM PPBQ, 2 mM ferricyanide, 10 min dark pre-adaptation time. Data from living culture obtained from T. elongatus cells supplemented with
250 μM DMBQ (optimal acceptor for in vivo conditions) at room temperature.33

Figure 5. PSII-dependent photoreduction of terminal electron acceptors by light. Oxygen evolution of dark-adapted PSII microcrystals in
suspension in the presence of (A) 2 mM FeCN, (B) 400 μM PPBQ, and (C) both PPBQ and FeCN. The crystals were subjected to a series of flash
trains of 120 saturating xenon flashes at 0.5 Hz flash rate under oxygenated headspace. The average oxygen yield from 120 flashes (each flash train)
is plotted. Representative data from a set of 3 replicates are given. The derivative of the oxygen yield during illumination is overlaid on the data.
Areas integrated to obtain total oxygen yield are shown in yellow.
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S State Populations and Lifetimes. Dark stable S state
populations and decay lifetimes vary substantially with the
degree of PSII fractionation and in microcrystals (Table 2).
This distinction has not been fully appreciated and can lead to
conflicting accounts. We investigated the lifetimes of the S2
and S3 states as reached by single (S2) or double (S3) flash
excitation of dark-adapted PSII microcrystals using FeCN as an
electron acceptor (Figure 6). An electron acceptor is necessary
to produce the multiple periods of oscillations in O2 yield
needed to accurately model the WOC cycling, from which the
dark populations are determined. We used the VZAD model to
fit the oscillations (shown in Figure 3C), yielding the four
inefficiency parameters of the WOC cycle and the dark
populations (Table 1).29,45,46 The results show that in the
presence of FeCN, the lifetime of S2 becomes extraordinarily
long, with biphasic exponential fits (inset) revealing both short
(4 s, 13% of centers) and long (1500 s, 24% of centers) 1/e
lifetimes that decay to a nonzero baseline representing an even
longer (third) S2 component (Figure 6A), which can be seen
from the lack of a distinct 1/e component to decay on a time
scale of hours to days or longer. Under these conditions, even
after 2 hours in the dark, 10% of the total population remains
in the S2 state. The S3 population decays via biphasic
exponential kinetics with both short (2.3 s, 24% of centers)

and long (400 s, 33% of centers) lifetimes that decay to a near-
zero baseline (<3% amplitude). These are essentially normal
lifetimes, comparable to the decay time observed in living
cells.33

Modeling the WOC Cycle in PSII Microcrystals. Fitting
of the oscillations in O2 yield to the VZAD model reveals the
underlying inefficiencies of the WOC cycle that best fit the
data. In most PSII-containing preparations other than crystals,
the initial oscillations in oxygen yield seen in dark-adapted
samples damp quickly in a few cycles to a steady state
(nonoscillating) value. In contrast, the 10 min dark adapted
crystals show period-4 oscillations for more than 100 flashes at
flash rate of 0.5 Hz. We used the VZAD model of the WOC
cycle to obtain the best fit of the oscillations in O2 yield by
minimizing the residuals.29 This asymmetric Markov model
assumes a single four-step catalytic cycle with four inefficiency
parameters, depicted in Table 1. The model does not correct
for S state decay between flashes. As seen in Figure 7A, the
entire set of 100 flashes does not fit the full range of
oscillations simultaneously very well (see residuals). To
achieve the best fit to the initial decay, the model predicts
stronger initial damping, which results in unobservable
oscillations later and a larger photoinactivation rate (negative
slope) than actually observed. However, splitting the data into

Table 2. Decay Kinetics of the S2 and S3 States from Thermosynechococcus elongatus Living Cells (with and without Addition of
250 μM DMBQ),33 Thylakoids Supplemented with 500 mM DCBQ,62 PSII Core Complexes Supplemented with 500 mM
DCBQ,61 and Microcrystals Supplemented with 2 mM FeCN (Figure 6), As Measured at Room Temperaturea

sample and S state t1, s A1 t2, s A2 y0

living cells, S2 8.6 0.14 350 0.19 0
living cells + 250 μM DMBQ, S2 19.7 0.13 450 0.23 0
thylakoids + 500 mM DCBQ, S2 n/a n/a 450 0.63 0
PSII cores + 500 mM DCBQ, S2 55.6 0.49 2200 0.08 0.09
microcrystals + 2 mM FeCN, S2 4.0 0.13 1500 0.24 0.09
living cells, S3 9.8 0.15 240 0.18 0
living cells + 250 μM DMBQ, S3 5.7 0.14 550 0.22 0
thylakoids + 500 mM DCBQ, S3 7.8 0.48 290 0.15 0
PSII cores + 500 mM DCBQ, S3 13.4 0.08 83.0 0.47 0.09
microcrystals + 2 mM FeCN, S3 2.3 0.24 400 0.33 0.02

aA1 (fraction of centers involved in fast decay), A2 (fraction of centers involved in slow decay), and y0 (fraction of centers modeled to not decay
during measurement) values are given in fraction of the total population of PSIIs and are specific to starting conditions.

Figure 6. Lifetimes of the flash-induced (A) S2 and (B) S3 populations of the WOC in the dark in PSII microcrystals supplemented with 2 mM
FeCN, as measured oximetrically. Individual populations of S2 and S3 states were calculated using the VZAD model (see Table 1)29 and the
populations given on the Y-axes reflect the fraction of active centers in each state. Inset gives the fits to a biphasic decay model with 1/e lifetimes t1
and t2 (seconds) and relative populations A1 and A2.
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two segments over shorter intervals of the initial 30 and 31−
100 flashes fits very well, as seen in Figure 7B,C. The resulting
four inefficiency parameters and initial (dark) S state
populations for both ranges are given in Table 1. During the
initial 30 flashes, the WOC cycling exhibits strong damping

with larger misses and backward transitions, whereas after the
first 30 flashes there is a much smaller loss in oscillation
amplitude and both parameters drop by 4-fold or more.
Model-independent Fourier transformation of the experimen-
tal data, shown in the insets and Table 1, reveals that the width

Figure 7. Dark-adapted PSII microcrystals in aerobic solution supplemented with 400 μM PPBQ and 2 mM ferricyanide were subjected to 100
saturating xenon flashes at 0.5 Hz flash rate and repeated three times after dark adaption for 10 min prior to each flash train. Data shown are the
average of three biological replicates. Raw data (seen in Figure 3D) were normalized to yield-SS = 1 (yield-ss: yield of oxygen from a flash train at
steady-state). (A) VZAD fit to all 100 flashes; (B) VZAD fit to flashes 1−30; (C) VZAD fit to flashes 31−100. Inset shows the Fourier transform of
each experimental data set. Residuals given for each fit; residual in (C) was offset +0.9 for ease of display.

Figure 8. (A) Optical microscope image showing on left, dissolved PSII microcrystals in solubilization buffer (core complexes in detergent
micelles), and on right, PSII microcrystals, on the surface of the membrane-covered Pt−Ir electrode. (B) Raw flash oxygen yield measurements of
“native” precipitated and uniformly suspended PSII microcrystals and dissolved PSII core complexes, both supplemented with 2 mM FeCN. The
data for dissolved PSII cores in 0.015% DDM and intact PSII microcrystals suspended in Biogel are offset for clarity (average O2 yields are listed).
Figure S5 shows a magnification of the data corresponding to the PSII core complexes in 0.03% DDM solution. Flash energy = 215 μJ.
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of the distribution around the period-4 oscillations dramati-
cally narrows by 3-fold, while the Fourier transform peak shifts
from 4.14 to 4.04, closer to the ideal (undamped) period-4.
These changes suggest that the WOC cycle becomes
significantly more efficient during flashing, as the PSII centers
change from dark adapted to light adapted forms. Considering
the biphasic lifetimes of S2 and S3 (Figure 6), the oscillations
seen at greater flash number must come from PSII centers with
the slower decaying populations. The S state populations
predicted by VZAD confirm this expection, showing that all
four S states become equally populated (Table 1).
The fitting parameters in Table 1 show that the misses are

strongly decreased in the crystals as compared to living cells of
T. elongatus. During flashes 31−100 there is a 4-fold decrease
in misses to 1.4%, which is the smallest miss parameter ever
observed in any PSII. Likewise, the other three inefficiency
parameters decrease to near zero. The retention of weak
period-4 oscillations indicates that the contributing PSII
centers retain an elevated level of synchronized S states in
the crystals and these represent the most efficient PSII centers
ever observed. These extended oscillations only occur in
crystals in the presence of exogenous electron acceptors
(quinone), indicating the high homogeneity of PSII centers is
needed to observe them. The long lifetimes of the S state
populations and minimal losses continue until accumulation of
the reduced quinols results in short circuiting by directly
reducing the WOC. Comparing turnover of PSII in micro-
crystals vs living cells containing an exogenous quinone
acceptor33 (Table 1), the WOC S state populations in the
dark shift from standard values to higher S states (S1 and S2
favored), and there is significantly more efficient operation
(fewer misses and double-hits). Backward transitions and
photoinactivations are small in both cases.
As shown in the photograph in Figure 8A, when these same

microcrystals are dissolved in the solubilization buffer
containing detergent micelles (i.e., above the CMC), a
homogeneous solution is obtained. Crystal dissolution can be
reversed by adding a 1:1 volume of polyethylene glycol
buffer.11 The resulting crystals have identical activity as the
original crystals, with a negligible amount of PSII lost from the
crystals. Figure 8B also shows that the yield of oxygen
evolution from the same number of solubilized PSIIs (i.e.,
dissolved crystals) significantly decreases (Figure 8B), using
identical flash intensity and electron acceptor concentrations.
To determine the origin of this decrease, we considered the
following four possibilities:

(1) Insufficient flash intensity: To test this, we generated
a titration curve of oxygen yield as a function of the flash
optical energy up to 260 μJ, as shown in Figure S1. Light
saturation was achieved above 190 μJ; hence, we
conducted our experiments at 215 μJ (peak).

(2) Insufficient electron acceptor capacity: To test this
hypothesis we made sequential flash measurements and
found that the steady state flash oxygen yield was the
same for all sequential trains, as shown in Figure S3B.
This indicates that the loss is not due to depletion of the
electron acceptor.

(3) Reversible inactivation by the solubilization buffer:
To test this we compared the O2 yield of dissolved
microcrystals in micelles at two different detergent
concentrations, 0.03 and 0.015% DDM. There was
almost no difference (<1%, Figure 8B), indicating no

detergent inactivation. The decrease within each train
could be due to the generation of reactive oxygen species
due to the presence of detergent as described in.47,48

(4) Settling of the crystals on the bottom of the cell
directly on top of the membrane where O2 is detected:
To test whether the location of the crystals in the cell
influences the amount of O2 reaching the electrode, we
prevented settling of microcrystals by suspending them
in the cell (10 μL volume, 0.3 mm vertical height, no
mixing-unstirred) using a suspension of 10 μm-diameter
polyacrylamide beads (Biogel P-10). The raw data for
the uniformly suspended microcrystals and the solubi-
lized PSII complexes are shown in Figure 8B. There we
see that the microcrystals, when suspended in the cell
produce flash oxygen yield nearly identical to that from
the dissolved PSII core complexes (4% vs 5% of the
settled crystals O2). This shows that there is no
significant difference in the optical cross sections of
PSII core complexes whether suspended in micelles as
individual complexes or condensed as microcrystals.

Figure S4 shows that the expanded oscillations produce a
very high-quality signal which was Fourier transformed and
fitted to the standard VZAD model. As before for the
microcrystals, the entire range of flashes could not be fitted by
one WOC cycle model and was split into two regions, the
initial 30 and 31−100 flashes. The best fit parameters (lowest
residuals) derived from the FT and VZAD fitting of the initial
30 flashes are given in Table S1. The WOC inefficiency
parameters and dark S state populations are similar for PSII in
crystals and micelles. The most notable difference is a 2-fold
larger photoinactivation parameter for isolated PSIIs in
micelles (ε = 0.075 vs 0.037), suggesting that removal of
solvent and detergent in the packed crystals protects the
system from photoinactivation.

■ DISCUSSION
Period-2 Modulation of O2 Yield. The emergence of a

strong period-2 feature following PSII-WOC cycling after 30
flashes is evident in PSII microcrystals. A weak period-2 feature
has been observed previously in living cells that also occurs
upon electron acceptor addition27,30 and upon strontium
substitution for calcium in the WOC.33 Both of the latter
changes are also accompanied by a longer S2 lifetime. A
possible cause of this period-2 modulation of the O2 yield in
vivo was proposed over 20 years ago by Shinkarev49 before any
data to support it existed: different charge separation yields for
the two redox transitions of the QB site (Q/Q

− and Q−/QH2).
Shinkarev proposed that the limiting factor was the redox poise
of the acceptor pool, with QB becoming trapped in the
semiquinone form until reoxidation occurred and the overall
redox poise changed.49 Herein, the acceptor is provided in
large surplus (7000 electron-holes per PSII). The sample
environment is therefore not likely to become reduced as
rapidly (not within 30 flashes). This allows many more
synchronized oscillations to occur and a strong period-2
feature emerges. However, in vivo there is substantially less
electron acceptor, with PQ pool sizes typically well under 50
PQ/PSII, and with PQ continuously replenished from PQH2
reoxidation by Cytochrome b6f.

27,33,34,50,51 Shinkarev’s pro-
posal may not be the only source of period-2 oscillations in
isolated PSII microcrystals, and this interesting phenomenon
should be addressed in the future.
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Quantum Yield. PSII O2 quantum yields from cells in vivo
and PSII core complexes in vitro, fall in the range 3.7%−35.2%
and 0.7%−29.3%.27,33,40,41,52−54 Without addition of electron
acceptor, the PSII microcrystals are able to evolve O2 for one
turnover of the WOC cycle (three flashes) starting from
mainly the dark S1 state. The integrated yield of O2 from these
three flashes corresponds to 42% of the O2 produced on the
first three flashes using the optimal electron acceptors. In
untreated centers, two electrons can be accepted at the QB site,
forming PQH2, and a third electron reduces QA to its
plastosemiquinone state. O2 is evolved in a small fraction of
centers on the fourth flash, but it is unclear whether this is due
to an actual 4-flash advance from S0 or to misses.
S State Lifetimes and Populations. Historical experi-

ments starting from illuminated whole cells and PSII enriched
membranes have shown that dark adaptation results in
depopulation of the unstable S3 and S2 states to form an S1
population yielding an approximate ratio of 0.75/0.25 = S1/
S0.55−57 When these samples are preflashed with one or two
saturating light flashes, a decay of the S2 and S3 states to the
dark S1 is observed in the time frame of seconds to several
minutes (Table 2). The resulting unequal dark populations
following decay are responsible for the period-4 oscillations of
the flash-induced O2 yield.27,33,58−60 Analogous experiments
done on detergent-solubilized thylakoids and isolated PSII core
complexes produce the dark-adapted populations and S2 (S3)
lifetimes given in Table 2,61,62 although core decay was studied
via EPR as opposed to the oximetric technique used for all
other samples. Behavior of S state decay in PSII microcrystals
is similar to that observed in core complexes; as compared to
living cells, S3 decay favors the fast kinetic lifetime. The S2
state also sees a slight acceleration of the fast kinetic, but the
dominant slow kinetic is further slowed by a factor of 3 and
some centers (9% of total PSIIs) do not decay from S2 over 2
h.
A major challenge for researchers studying PSII micro-

crystals is how to form individual S states in controlled
populations. The much longer dark lifetime of the S2
population in the presence of electron acceptor greatly slows
repopulation of lower S states, which is the starting point for all
standard flash studies of higher S states. However, elimination
of the electron acceptor lowers the quantum yield, as flashes
fail to advance centers without it. This paradox likely explains
the substantial discrepancies in studies of PSII microcrystals by
diffraction and spectroscopy.12,15,17 These results clarify
conflicting reports on the interpretation of the crystallography
of flash-induced S2 and S3 states in PSII crystals that have no
exogenous electron acceptors and unknown S state popula-
tions.
Without definitive evidence on S state populations, it is not

possible to correctly use bond lengths determined from atomic
coordinates by X-ray crystallography at high resolution to infer
the formal oxidation states of the metal ions of the WOC, as
has been attempted in a recent study of the metastable S
states.22 This approach to determine oxidation states is well
ground in crystallography of simple transition metal ion
complexes that lack stereochemical stress from ligands and
which have one structural configuration defined by a single
potential energy minima.63 Neither of these conditions apply
to the PSII WOC with its multiple spins states for each S state.
Regulation by Redox Poising. The choice of exogenous

quinone as electron acceptor for PSII microcrystals has a major
impact on the yield of O2 (Figure 4), and the optimal quinone

differs from PSII in whole cells.27,33 Notably, DMBQ is a
significantly poorer electron acceptor in PSII crystals than in
cells, which can be attributed to its stronger binding of the
reduced form, dimethylbenzoquinol, to the QB site. Similarly,
only a small concentration of PPBQ is needed to reach near-
maximum oxygen yield as compared to the requirement in
living cells,27,33 while accumulation of reduced PPBQH2 causes
a strong decrease in oxygen yield. This occurs because quinols
like PPBQH2 can donate electrons in two ways (refer to
Scheme 2). First, directly to the WOC or tyrosine-Z via the

classic hydroquinol reduction and ADRY mechanisms on the
donor side.27,64−69 Alternatively, electron donation can occur
from the PQH2 pool (or from exogenous quinols) into the QB
site forming the semiquinone radical anion. This is called a
“backward transition” (δ, Scheme 2), and is the return pathway
in cyclic electron flow around PSII.27,29,30,33 Backward
transitions increase in probability as the quinol accumulates
during photolysis and can be slowed by adding an irreversible
oxidant (FeCN) which rapidly oxidizes the semiquinone
(PPBQ−), thus allowing O2 production to continue until the
FeCN concentration drops below its binding threshold (i.e., is
used up). This dependence of the light-induced flux through
PSII on the ratio of reduced/oxidized terminal electron
acceptor molecules allows regulation by either changing the
size of the pool (i.e., total concentration), the ratio of
plastoquinone/plastoquinol, or by adjusting the reduction
potential by addition of exogenous acceptors. This phenom-
enon called “redox poising” or “redox buffering” occurs in vivo
through the equilibration of binding between the pool of
PQH2/PQ molecules in the photosynthetic membrane and its
functional binding site on PSII, the QB site for linear electron
flow.70−74 Another PQ site called QC may exist that is
speculated to control PSII cyclic electron flow.4,27

PSII-WOC Core Complex Cycling in Micelles and
Microcrystals vs Native Cells. After determining that PSII
cores in micelles and microcrystals have nearly identical
responses to light intensity, electron acceptor concentration/
accessibility, are not inactivated by the detergent, and after
correcting the O2 electrode response due to the influence of
microcrystal gravitational settling, we could directly compare
the intrinsic WOC cycle inefficiency parameters obtained from
the VZAD simulations and Fourier analysis. This reveals that
PSII cores, whether in micelles or microcrystals, have very
similar WOC cycling parameters, dark-adapted S state
populations, and rapid transitions from dark- to light-adapted
forms after 30 flashes (Table 1). The largest difference is the

Scheme 2. Pathways of Electron and Proton Flow, Charge
Recombination, and Backward Transitions in PSII, Showing
the Difference between a Microcrystal System and Native
Conditions
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nearly 2-fold larger photoinactivation probability 7.5%
(dissolved) vs 3.7% (crystals), further confirming the
stabilizing influence of crystal packing. The dark-adapted
form (flashes 1−30) is less efficient with >4 fold larger miss
and backward transition probabilities. Both forms are
appreciably more efficient than in living cells, which have a
miss parameter of 10%.27 The emergence of sustained period-2
oscillations following 30 flashes is a consequence of the longer
lifetimes of S2 and S3 in microcrystals.

■ CONCLUSIONS

PSII microcrystals exhibit the highest O2 quantum yield
(61.6%) yet observed by far for any PSII preparation, which
even exceeds the downregulated activity of PSII in vivo. This
performance can be sustained over multiple flash cycles by
utilizing an appropriate electron acceptor and removing or
preventing accumulation of reduced electron acceptors (semi-
quinones and quinols). This activity is equivalent to 59 000
μmol O2/mg Chl/h if operated continuously. However, such
efficiency is not sustainable because of acceptor capacity
limitation. Backward transitions account for an additional 7−
8% of photonic energy capture in the form of cyclic electron
flow around PSII which may be associated with proton
pumping and ΔpH formation.27

The charge recombination lifetimes of the S2 and S3 states
are much longer in microcrystals and controlled by the
capacity and redox properties (reversible or irreversible) of the
electron acceptors used. The latter operate through equilibra-
tion with the native QB (or QC) site, for which two distinct
native redox couples are observable that control flux through
PSII. The four-flash catalytic cycle of water oxidation (Kok
cycle) that exists in dark adapted PSII centers is significantly
more uniform and efficient in crystals than in vivo. This
uniformity allows detection of a further modulation of the
catalytic WOC cycle every two flashes, upon light adaptation
and excess electron acceptors. Crystals of highly homogeneous
PSII provide the best opportunity for exploring the limits of
the operating capacity, regulation and mechanism of the
enzyme.
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