Photosynthesis Research (2005) 84: 355-365 © Springer 2005

Regular paper

How fast can Photosystem II split water? Kinetic performance at high
and low frequencies™

Gennady Ananyev & G. Charles Dismukes*
Department of Chemistry and Princeton Environmental Institute, Princeton University, Princeton, NJ 08544,
USA; *Author for correspondence (e-mail: dismukes@princeton.edu, fax: + 1-609-258-1980)

Received 11 October 2004; accepted 2 December 2004

Key words.: Arthrospira, Chlorella, Kok S-states; oxygen evolution, photosynthesis, Photosystem II,
Spirulina, variable fluorescence, water oxidation

Abstract

Molecular oxygen evolution from water is a universal signature of oxygenic photosynthesis. Detection of
the presence, speed and efficiency of the enzymatic machinery that catalyzes this process in vivo has been
limited. We describe a laser-based fast repetition rate fluorometer (FRRF) that allows highly accurate and
rapid measurements of these properties via the kinetics of Chl-a variable fluorescence yield (Fv) in living
cells and leaves at repetition rates up to 10 kHz. Application to the detection of quenching of Fv is
described and compared to flash-induced O, yield data. Period-four oscillations in both Fv and O,, caused
by stimulation of primary charge recombination by the O,-evolving complex (WOC) within Photosystem 11
(PS II), are directly compared. The first quantitative calculations of the enzymatic parameters of the Kok
model (o — miss; B — double hit; S-state populations) are reported from Fv data over a 5 kHz range of flash
frequencies that is 100-fold wider than previously examined. Comparison of a few examples of cyano-
bacteria, green algae and spinach reveals that Arthrospira m., a cyanobacterium that thrives in alkaline
carbonate lakes, exhibits the fastest water-splitting rates ever observed thus far in vivo. In all oxygenic
phototrophs examined thus far, an unprecedented large increase in the Kok o and B parameters occur at
both high and low flash frequencies, which together with their strong correlation, indicates that PS II-WOC
centers split water at remarkably lower efficiencies and possibly by different mechanisms at these extreme
flash frequencies. Revisions to the classic Kok model are anticipated.

Abbreviations: o, B — miss and double hit parameters in Kok model; Chl — chlorophyll; FRRF — fast
repetition rate fluorometer; Fv — variable fluorescence; PS II — Photosystem II; T4, — dark interval
between single turnover flashes; STF — single turnover flash with saturated light intensity; Y;... Y, — yield of
quantum efficiency Fv/Fm on 1...nth single turnover flashes; WOC — water-oxidizing complex; Yz — redox
active tyrosine on the D1 protein

Introduction

It is our great pleasure to contribute to this
special issue in honor of Professor Norio
Murata. He has made historical contributions to

* Dedicated to Professor Norio Murata on the occasion of
his retirement.

the applications and understanding of fluores-
cence phenomena in photosynthetic systems,
including the analysis of fluorescence emission
and excitation spectra of Chl-a in chloroplast
organelles and the influence of environmental
factors. These works form part of the foundation
of this paper.
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Fluorescence emission from the photooxidiz-
able Chl-a molecule, P680, within Photosystem II
(PS II) has served for more than 70 years as a
sensitive probe of the bioenergetics processes that
modulate the charge recombination reactions
between P680" and photoreduced electron
acceptors (Govindjee 1995; Schreiber et al. 1995).
The yield of PS II variable fluorescence, denoted
Fv, rises under saturating illumination to a maxi-
mum (Fm) and decays in the dark, reflecting
events that fill the P680 " hole and block the for-
ward flow of electrons out of the reduced primary
acceptor, plastosemiquinone-A, or Qa~. Total
Chl-a fluorescence typically represents a loss of
about 2-6% of the absorbed energy, while typi-
cally more than 95% of the total Chl-a fluores-
cence originates from PS II (Lazar 1999).

Quenching of Fv fluorescence occurs by inter-
action with the [S,] + [S;] oxidation states of the
oxygen-evolving (or water-oxidizing) complex of
PS II (WOC), depicted in Scheme 1 (Delosme
1971). This interaction gives rise to an oscillation
in Fv fluorescence yield with periodicity of four,
when using saturating single turnover flashes. This
modulation has served for more than 33 years as
an internal monitor of the cycling in oxidation
state of the WOC with enormous potential for

Scheme 1. Modified Kok model for flash-induced O, evolution
yield showing the fitting parameters o (misses) and B (double
hits) representative time constants for the forward and back
(deactivation) reactions are shown from typical PSII complex in
higher plants or green algae. The population of individual
S-states depends on the pre-incubation dark time. At Ty, = 30
min, [SO] = 0.25 and [S1] = 0.75 (Kok et al. 1970). Increase of o
leads to a significant reduction of the sharpness of the oscilla-
tion pattern and the increase of P leads to disappearance of
oscillations and the increase of the amplitude of oxygen yield
after the second flash (Shinkarev 2003).

non-invasive studies on intact organisms (Renger
and Govindjee 1993; Delosme and Joliot 2002).
However, applications of this technique to under-
standing the WOC both in vivo and in vitro have
been very limited, stemming from the low level of
quenching of Fv fluorescence by the WOC seen
thus far, and experimental difficulties in detecting
it compared to the greater instability of high power
lasers and flash tube sources used to produce sat-
urating flashes.

Several other approaches have been used to
monitor the turnover of the WOC by single turn-
over illumination: (1) amperometric detection of
extra-cellular O, concentration (Joliot et al. 1969;
Joliot 2003); (2) tyrosine-Z radical (Yy) reduction
kinetics by EPR (Babcock et al. 1976); (3) H”"
evolution kinetics (Junge et al. 1977); (4) EPR
signal from the Mn cluster (Dismukes and Siderer
1980); (5) optical absorbance changes at 290-
320 nm from Mn (Dekker et al. 1984; Renger and
Weiss 1986); (6) UV absorbance of P680 " (Koike
et al. 1987). The first of these approaches leads to
the now iconic S-state model of Kok and
coworkers (Scheme 1), which provided a phe-
nomenological description of the oscillations in O,
concentration (Kok et al. 1970). These approaches
have contributed significantly to our understand-
ing of the mechanism of water oxidation, but are
either too slow for investigation of the upper limit
of WOC turnover, or not applicable to whole
organisms or chloroplasts that scatter light.
Moreover, most have been applied to only a nar-
row range of oxygenic phototrophs, typically, the
easily cultured or those with high PS II content. In
order to search for possible diversity in the types of
enzymes that perform oxygenic photosynthesis,
there is a real need for new tools that permit quick
and accurate detection of the speed and efficiency
of WOC turnover in whole cells and leaves at both
the high and low limits of turnover that occur
in vivo.

The classical method for monitoring period-
four oscillations of PS II-WOC turnover is based
on the O, uptake rate from a thin mono-layer of
cells placed directly on an open platinum electrode
polarized to —650 mV (Joliot et al. 1968; Joliot
2003). The main limitations of this approach are:
(1) the slow time resolution (owing to O, diffusion)
which restricts the repetition rate to less than
10 Hz; (2) the consumption of O, produces both
anaerobic conditions and harmful H,O, in the



sample; (3) only changes in the rate of O, reduc-
tion are measured (absolute O, concentration is
not known); and (4) the signal level arises from net
extra-cellular O, output in competition with O,
uptake processes. Multi-cellular species (like
Spirulina, etc.) or leaves greatly retard the time
resolution and generally cannot be studied by this
approach. Chl-a fluorescence measurements
overcome all of these limitations. The classical
methods for Chl-a fluorescence measurements
include xenon flash lamp as excitation source
(Delosme 1971; Zankel 1973) or Q-switched lasers
(typically at wavelength 532 nm), coupled with a
modulated measuring light source that induces
fluorescence, typically a blue light-emitting diode
(Reifarth et al. 1997; de Wijn and van Gorkom
2002).

Currently there exists two advanced fluores-
cence methods for photosynthetic studies that
could contribute to resolving these issues: (1) pulse
amplitude modulated (PAM) fluorometry (Schreiber
et al. 1993, 1996) and a double-modulation version
of fluorometer (Trtilek et al. 1997; Nedbal et al.
1999); and (2) fast repetition rate fluorometry
(FRRF) (Kolber et al. 1998). The PAM and
double-modulation method uses two light sources:
a lower intensity-modulated measuring source and
a high power actinic source to induce photo-
chemistry. These methods typically utilize ultra-
bright light-emitting diodes or xenon flash lamp as
sources. The FRRF method uses only one light
source to do both the functions. Importantly, the
FRRF method permits complete dark-adaptation
of the sample and has also an intrinsically higher
S/N ratio if operated at high flash frequencies
where time-based noise discrimination is possible.
The recent availability of high-power laser diodes
having high frequency switching capability, excel-
lent power stability and a range of wavelengths,
now permits the development of improved
benchtop FRRF instruments suitable for revealing
even more subtle and short-lived fluorescence
phenomena (Kolber et al. 1998) and can be
adapted to remote sensing (Osmond et al. 2004).

Herein, we describe the design of a second-
generation FRRF based on a powerful and stable
laser diode source that achieves considerably
higher intensity, sensitivity and time resolution
and can be used on whole cells and leaves. We
illustrate its capabilities with an application to the
detection of period-four oscillations of Fv
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fluorescence yield in whole cells of cyanobacteria
and green algae. This instrument allows measure-
ment of the turnover rate of the water-splitting
center of PS II over a greatly expanded frequency
range, that extends the upper frequency limit by
100-fold. For the first time we can answer the
question: how fast can water oxidation occur in
vivo at high solar driving rates? By analysis of the
data using the classic Kok model, we report very
large changes in the photochemical misses and
double hits, characterizing the inefficiencies in the
water oxidation center as a function of the flash
excitation rate. Revisions to the classical Kok
model are proposed.

Materials and methods

The filamentous cyanobacterium Arthrospira
maxima (Spirulina maxima, strain LB 2342) was
obtained from UTEX, The Culture Collection of
Algae at the University of Texas at Austin. It was
grown on complete Zarrouk media at initial pH
9.0 and light intensity of 40 pE m™> s™' (Vonshak
et al. 1982). Spirulina m. is an alkalophile that
originates from soda lakes containing 0.4-1.2 M
carbonate and pH 10-11. The original source,
Lake Natron, Chad, Africa, is noted for the
exceptionally high abundance of Spirulina m., and
gives rise to the pigmentation of the pink flamingo
which dines on Spirulina m. as its principal food
source. The green algae Chlorella pirenoidosa and
Euglena sociabilis were grown on standard BG11
media. The samples of cyanobacterial cells (50 pl
at 50 pg of Chl/ml) were placed in a quartz cuvette
6 mm in diameter and 1.2 mm in depth.

A laser fluorometer was constructed that
extends the LED-based configuration described by
Kolber and coworkers (Kolber et al. 1998). A
higher and wider range of flash repetition fre-
quencies was achieved by several improvements to
the laser source and flash controller. The excita-
tion source was a laser diode (model BLI-CW-9M-
C1-655-0.5M-PD, Boston Laser, Inc. USA) with
emission at Ay, = 655 nm and maximum contin-
uous optical power of 0.5 W. The light intensity
incident on the sample was adjusted to a maximum
of about 32,000 pE m™> s~ ' at a driving current of
1.2 A by means of a focusing lens. A spot of
uniform intensity was created using a solid light
guide 6 mm in diameter with transmittance 75%
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(Edmund Scientific, USA). This light intensity was
sufficient to saturate the fluorescence emission
within 10-60 ps in a variety of oxygenic photo-
trophs. A home-built electronic driver provides
pulse currents up to 2.0 A at 5 MHz repetition
rate. The maximum frequency for square optical
pulse output is 500 kHz. Using a bank of buffer
capacitors (48,000 puF) decreased the fluctuations
in the exciting light intensity to less than 1%. As a
photodetector, we used a cooled large area
(16 mm) avalanche photodiode (APD, Advanced
Photonix, Inc., USA) operating at 1.9 kV and with
bandwidth from DC to 20 MHz. The quantum
efficiency of the APD at 680 nm is 65-70%, or 10-
fold higher than a typical red-sensitive photomul-
tiplier tube.

The fluorescence signal was filtered in the
wavelength interval from 680 to 690 nm by an
interference filter centered at 685 nm with off-peak
rejection = 4.0 O.D. (Intor, Inc., USA) and by a
glass filter RG-695 (Schott North America, Inc.,
USA). The fluorescence signal was sampled at a
rate of 20 MHz (50 ns/sample) using a 12-bit A/D
data acquisition board (PCI-DAS4020/12 by
Computing Measurements, Inc.). A programma-
ble sequence of pulses for controlling the laser
driver was generated from two 32-bit counters
(PCI-6602, National Instruments, Inc.). The exci-
tation pulse sequence employed in this study con-
sists of a train of 25 pulses (fixed at 1 us light and
1 us dark) denoted as a single turnover flash
(STF). Secondary illumination which selectively
excites PS I at wavelength centered at
Amax = 735 nm was provided by a cluster of
infrared LEDs at 0-5 mW optical power (Model
QDDH75502, Quantum Devices, Inc.). Optical
power measurements were made using a light
meter (Model 1815-C, Newport Research Corp.).
The photon flux density (PFD) was measured by a
light meter (model LI-189) equipped with quan-
tum sensor (LI-190SA, Li-Cor, Inc.).

Results

Chl-a fluorescence induction by individual STF train
Figure 1 illustrates the Chl-a fluorescence response
from Spirulina m. cells to a train of 25 pulses (one

laser-STF) of light duration 25 us and total dura-
tion 50 ps. The use of a 500-kHz pulse rate and
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Figure 1. Experimental fluorescence emission intensity excited
by a train of 25 laser pulses at A = 655 nm. Each pulse has
identical intensity and 1 ps duration and is separated by 1-us
dark period for a total illumination period of 25 ps. This train
of pulses is called a single turnover flash (laser-STF) because it
induces the fluorescence yield to rise between a minimum dark
adapted level (Fo) and a saturated level (Fm). This train can be
repeated at any frequency from 0 Hz to 10 KHz and with data
sampling rate at 20 MHz. The sample is dark adapted Spirulina
maxima filaments (50 pl) at a concentration of 50 pg Chl/ml.

digital sampling allows superb rejection of noise
from both ambient light and electrical sources, as
well as interference from continuous background
illumination. Because the sampling rate is
20 MHz, the Fo level can be measured reliably
within 0.2-0.3 us of the beginning of the first pulse
and before induction of the fluorescence rise. The
excitation wavelength of 655 nm is appropriate for
both Chl-a + Chl-b containing organisms and the
cyanobacteria which contain Chl-a¢ + phycobilins
instead of Chl-b.

The high power laser diode source produces
very stable and sharp pulses which have several
advantages. Fluctuations in the exciting light
intensity were found to be very small, less than 1%
and at a frequency which has no effect on the Fv/
Fm ratio. Compared to a xenon flash lamp, the
laser diode has no measurable light tail (Figure 1)
which eliminates the probability of doing an
inadvertent double turnover (contributes to J
double hit Kok parameter). Compared to high
power Q-switched lasers the light intensity is one
order of magnitude more stable, which enables the
detection of Fv/Fm changes as small as 0.003
(0.6%) at a Fv/Fm level = 0.5 for a single mea-
surement. Pulses also lack the temporal structure



associated with Q-switched and mode-locked
lasers, which can lead to the generation of emis-
sion quenchers in LHCII and PS II (Barzda et al.
2000). The present results show that the laser STF
method provides the highest sensitivity and most
reproducible measurement of Fv/Fm fluorescence.

In principle it is possible to create even shorter
excitation pulses capable of saturating the PS II
photochemistry by adjustment of the focal dis-
tance to create even higher optical power density
on the sample. 100% yield of Q4 photoreduction
can be attained in 2-5 ps. However, such fast Qa
reduction has no benefit for studies of the period-
four oscillations in Fv from PS II because: (1) an
increase in the digitizing error for shorter pulses
and weaker signals due to the smaller excitation
volume; (2) photobleaching of Chl fluorescence
due to quencher generation from over excitation
(Barzda et al. 2000; Chekalyuk et al. 2000); (3) the
o miss and B double hit parameters of the Kok
model do not change significantly (data not
shown).

Transition from single to multiple turnovers
Figure 2 shows the Fv/Fm signal from Spirulina

filaments obtained at two laser-STF repetition
rates of 125 and 200 Hz. The average optical
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Figure 2. The yield of Chl-a variable fluorescence from Spiru-
lina m. filaments (Fv/Fm), also known as PSII quantum effi-
ciency, caused by STF-laser pulse trains at frequency equal at
125 Hz and 200 Hz (each STF train fired every 8 and 5 ms,
respectively). Dark adaptation time prior to illumination is
5 min; the STF train (Figure 1) consists of 25 pulses of 1 ps
each and total STF duration period of 50 ps. Inset shows the
expanded initial Fv/Fm at 125 Hz.

359

power of the laser-STF at 200 Hz repetition rate
was converted to the average photon flux density
(PFD) and is equal to 160 uE m™ s~'. In general,
the Fv/Fm level exhibits a complex induction
curve that consists of a sequential series of distinct
phases previously described in the literature and
called the Kautsky induction curve after its dis-
coverer (Govindjee 1995; Lazar 1999). Figure 2
demonstrates that at least five distinct phases in
the time evolution of Fv/Fm can be resolved fol-
lowing dark pre-incubation. In this report, we
focus only on the initial transient response.

The inset in Figure 2 shows an expanded scale
of the fluorescence induction during the first 30
STF trains, illustrating that transient oscillations
occur with a periodicity of four. The initial
amplitude of the oscillations amounts to about
16% of the steady-state Fv/Fm level provided the
pre-illumination dark period is at least 5 min. The
transient amplitude decreases until it reaches a
value equal to an S/N ratio of 1 after 11 oscillation
periods (Figure 3). The transient oscillations arise
owing to the imbalance in populations favoring
the S and S; states in the dark, as they disappear
completely if the sample is not dark adapted prior
to illumination.
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Figure 3. Fitting of the initial transient Fv/Fm oscillations to
the modified Kok model given in Scheme 1. Young culture
(4 days old) of Spirulina m. filaments recorded using 50 ps
duration STF train repeated at 100 Hz (10 ms dark interval
between STF); dark incubation time is equal to 1 min; data set
is an average of 40 measurements. Fits were made by mini-
mizing the residuals between the experimental data and the
model using a program written by V. P. Shinkarev (Shinkarev
2003). Parameters of the fit: o =0.099, B =0.031, reduced
¥ =12x107°
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Other experimental observations concerning
the behavior of Fv/Fm (data not shown): (1) the
first STF train applied to a dark-adapted photo-
synthetic sample always produces a higher Fv/Fm
value than all remaining STF trains (Y; > Y, +1);
(2) this high initial value of Fv/Fm(Y,) is reduced
by pre-illumination with weak near IR light at
735 nm (0.6 mW optical power), which photooxi-
dizes P700 and thus removes clectrons from the
plastoquinone pool; (3) the latter illumination at
735 nm (<3 mW) increases the oscillation ampli-
tude by about 20% (at 100 Hz STF trains) in green
algae and higher plants (containing Chl-¢ + Chl-b
pigments), but not in cyanobacteria (containing
phycobilins but no Chl-b pigment). These obser-
vations indicate that the emission on the first STF
train involves a contribution from a fluorescent
Chl pigment that does not contribute to the sub-
sequent oscillations with period four.

Modeling of the transient Fv/Fm oscillations

The oscillations in Fv/Fm seen in Figure 3 extend
for 10 periods (see inset). The experimental data
(excluding Y, see above) were fitted to the classic
Kok model given in Scheme 1 using the analytical
solutions described by Shinkarev (Shinkarev
2003). The best fit to the data is given by the
simulated Fv/Fm curve shown in Figure 3 and
gives a regression fit of R®=0.974. The fitted
parameters for the model are the miss coefficient
o = 0.099, the double hit coefficient f = 0.031,
and the initial S-state populations in the dark [SO] :
[S1]: [S2] = 0.24 : 0.70 : 0.06. The quality factor
(Q) of the PS II oscillations can be described by the
damping of oscillations: Q = 1/(a« + B) = 7.75.

Simultaneous o and [ coefficients from oxygen and
Sfluorescence data

In Figure 4 we present data for the simultaneous
measurement of flash-induced O, concentration
(using a modified Clark type electrode) (Ananyev
and Dismukes 1996) and Fv/Fm using the same
laser STF train. Measurements were done at a
slow repetition frequency of 0.5 Hz. A special cell
was fabricated to facilitate simultaneous mea-
surements on the same sample. Both data sets
(excluding Y, for Fv/Fm, see above) were fitted by
regression analysis to the classic Kok model in
Scheme 1 using Shinkarev’s analytical solution
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Figure 4. (a) Comparison of simultaneous measurement of
dissolved oxygen concentration and Chl-a variable fluorescence
(Fv/Fm) upon illumination by laser-STF train. Spirulina m.
filaments were layered on top of a membrane-covered Pt elec-
trode at a thickness of about 0.3 mm and dark adapted for
5 min. The filament suspension was exposed to air from above.
The duration of the dark interval between STF trains is 2 s.
Other conditions as is in Figure 3. (b) Simulation of flash
oxygen kinetic based on Kok parameters obtained from
experimental oxygen kinetic in (a): o= 0.130, B = 0.080,
[SO] = 0.45, [S1] = 0.55. > =0.98 x> = 1.3 x 107°.

(Shinkarev 2003). Results for O, concentration
give a=0.13 and P =0.08; versus Fv/Fm:
oo=20.13 and B =0.07. The Goodness of Fit is
R*=0.98 and the reduced ¥*=2.9 x 1077 (nor-
malized least-squares residual) for the best fit of
the data to the model. We may conclude that
practically identical values for the o and B coeffi-
cients are obtained using either the external O,
concentration measured by the Clark electrode or
the internal Chl-a variable fluorescence yield.
However, unlike the slow response time of the
Clark electrode, the fluorescence approach used
here can be applied at STF frequencies up to
10 kHz. In Figure 4, we show that the Fv/Fm



oscillations correlate most closely with the sum of
populations [S;] + [S,]. The populations on each
flash were calculated from the initial (dark) S-state
populations taken from fits of the model to the O,
concentration data, followed by propagating the
populations using the model and the o and B
coefficients derived from the fluorescence data.

Frequency dependence of PS II water oxidation at
high turnover rates

Figure 5a shows that the amplitude of the period-
four oscillations in Fv/Fm disappears at a repeti-
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Figure 5. (a) Dependence of Chl-a variable fluorescence inten-
sity (Fv/Fm) on repetition rate of the STF trains. The dark
interval between STF trains was varied between Ty, = 1 and
250 ms. For details see Figure 1. The pre-incubation time in the
dark is 1 min; each data set is an average of 40 measurements;
(b) Fourier transformation of data presented in (a). Columns in
right corner of (b) give Ty, (ms) versus period of oscillations
(P). Period of oscillations is given as P = (cycle)™'.
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tion rate of 1 kHz (dark interval 1 ms) and is
reduced by 50% between 4 and 5 ms dark interval
(250-200 Hz). This is more clearly seen in
Figure 5b which gives a plot of the Fourier
transform of the data in Figure 5a. As expected,
the steady-state level of Fv/Fm also decreases
sharply at high repetition frequency, from a max-
imum of 0.54 decreasing by 55% to a value of 0.24
at 1 kHz. Because the steady-state level of Fv/Fm
is proportional to the fraction of open PS II cen-
ters with Qu oxidized (see review Lazar 1999;
Maxwell and Johnson 2000), we may conclude
that recombination with reduced Qa~, although
necessary for Fv fluorescence, is not responsible
for the loss of the transient period-four oscilla-
tions, as the latter disappears at 2—4-fold lower
frequency. In a later section we show that this loss
is due to intrinsic inefficiencies in the WOC (o and
p).

By contrast, the amplitudes of both the tran-
sient oscillations and the steady-state level of Fv/
Fm decrease more rapidly in the green algae. Both
Chlorella p. and Euglena s. exhibit complete loss of
oscillations at a frequency of 250-300 Hz and a
50% loss of amplitude occurs at about 70 Hz
(Supporting Information).

Inefficiencies in water oxidation at high PS 11
turnover frequencies

Figure 6 compares the experimentally determined
values of the Kok miss (o) and double hit (B)
parameters (Scheme 1) for Spirulina filaments and
Chlorella cells over a 2500-fold range of flash
repetition rates, corresponding to dark intervals
between STF trains between Ty, x =2 and
5000 ms. Both species have an overlapping region
of repetition frequencies where o (B) is relatively
flat, but the range is about 5-fold wider for
Spirulina. For Chlorella this region is between
Tgark = 40 and 500 ms (40-1000 ms), while for
Spirulina this region is between Ty, =8 and
500 ms (8-1000 ms). The mean values in these
regions are very similar in both Spirulina and
Chlorella, with oo = 10% for both, while f = 3%
and 4%, respectively. When T, is either greater
or lesser than these values, both o and 8 increase
rapidly. Between Ty, = 8 and 2 ms, o rises from
10.5% to 21% for Spirulina, while it increases to
16% at Ty, = 8 ms for Chlorella (upper limit of
detection). For Spirulina at high frequencies
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Figure 6. (a) Dependence of the Kok fitting parameters o mis-
ses) and P (double turnovers) on the dark time between STF
trains for Spirulina filaments and Chlorella cells. The double
headed arrow shows the dark time region used in most previous
flash O, studies. (b) Dependence of quality factor, Q =1/
(o + B), on the dark time between STF trains. Pre-incubation
dark time before measurement is 1 min; each data set is an
average of 40 measurements.

increases by 4-fold between Ty, = 10 and 2 ms,
which is the same rate (slope) as a.. For Chlorella at
high frequency, B increases even more rapidly than
does a (greater slope). The differences in the Kok
parameters between the cyanobacterium and the
green alga are much smaller or zero at low flash
frequencies; o rises to 16% and 18%, respectively,
at 5 s flash interval; while B increases to 9% and
there is no difference between Spirulina and Chlo-
rella. For comparison, Figure 6 (double-headed
arrow) shows the range of flash rates for which o
and B have been measured by most other methods.

These data reveal that the transit time through
the Kok cycle in Spirulina filaments is the fastest and

produces by far the fewest misses and double hits
versus the green algae, both Chlorella (Figure 6) and
FEuglena (data not shown). Analogous measure-
ments of higher plants (spinach) show that they
perform about the same as the green algae (data not
shown). The relationship between this high kinetic
activity in Spirulina and the physiological require-
ment for bicarbonate for functioning of the WOC is
currently under investigation.

Discussion

The total transit time through the Kok cycle has
been measured by several methods (reviewed in
Razeghifard and Pace 1997): EPR spectroscopy
was found to be about 1.6 ms for spinach chlo-
roplasts (Babcock et al. 1976), optical absorbance
was about 1.6-1.8 ms for spinach chloroplasts and
isolated PS II membranes, 1.7 ms for isolated PS
II membranes from a thermophillic cyanobacte-
rium (1 ms at 50 °C), and longer times for PS II
core particles and PS II core particles lacking the
extrinsic subunits of the WOC (Qian et al. 1997).
The rate-limiting step in this process is O, evolu-
tion on the S3 — S0 transition which has a time
constant of about 1-1.5 ms ( Joliot and Joliot
1968; Joliot et al. 1969; Clausen et al. 2004).
Comparison to the multiple turnover results
reported here indicates that the half-time for loss
of the oscillation amplitude is 1 ms (1 kHz) for
Spirulina and about 4 ms (250 Hz) for Chlorella.
For Spirulina, the upper turnover rate of the WOC
under these multiple turnover conditions is deter-
mined by intrinsic inefficiencies, characterized by
the Kok o and B parameters, rather than by the
rate of oxidation of QA . To the best of our
knowledge, this is the first report of the transit
time through the Kok cycle at high repetition rates
above 10 Hz and at rates slower than 0.5 Hz. We
were unable to find any systematic studies in the
literature by comparing the total transit time
through the Kok cycle for different photosynthetic
species at any repetition rate. Why do oscillations
in fluorescence disappear at high flash frequency?
The duration of the oscillations of Fv can be
characterized by a quantity from resonator theory
called the quality factor (Q). We define Q =1/
(o + B) and plot it as a function of STF frequency
in Figure 6. There is a strong correlation between
the frequency dependence of Q and the frequency



dependence for the disappearance of the oscilla-
tion amplitude (Fourier transform in Figure 5b).
We may conclude that the same mechanisms that
give rise to the increase in o and B at high flash
repetition frequencies are the dominant sources for
the loss of oscillation amplitude. This is not sur-
prising, but it does reassure us that the classic Kok
model does a reasonable job in accounting for the
frequency dependence of the oscillation amplitude
through 10 cycles.

The present work provides the first systematic
study of o and B from fluorescence measurements.
In Figure 4 we found that the Fv/Fm oscillations
correlate most closely with the sum of populations
[Si] + [S,]. This result differs from the original
measurements based on Fv which found a closer
correlation with the populations [S,] + [S;] in
chloroplasts (Delosme and Joliot 2002; Schlodder
et al. 1985). The reason for this difference is
unclear. However, two possible sources may be: (1)
auto-reduction of the S-states that occurs in the
dark to different extents in chloroplasts versus
cyanobacteria and, (2) chemical reduction from
H>O, produced either internally via respiration in
the dark, or from an external source such as
leaking from the membrane-covered Pt electrode
used for O, concentration measurements. This is a
subject for future research.

What is most surprising to us is that very large
increase in both o and B occur at both high and
low frequencies and that they are strongly corre-
lated with one another. We were unable to find
reports in the literature giving these parameters
other than in a narrow 10-fold range of frequen-
cies in any organism. Our data show that double
turnover parameter is an intrinsic parameter that
plays an equally important role as the miss
parameter in determining PS II-WOC photo-
chemistry. In the previous works, B has been lar-
gely ignored, as it was small, constant, and
thought to arise from experimental problems due
to the use of too long excitation pulse (xenon flash
tubes) or from unstable Q-switched lasers. These
problems do not occur in the laser diode FRRF
approach.

The strong correlation between o and 3 at both
high and low frequencies implies that there is a
common mechanism. This cannot be true if B
characterizes the probability of making a double
turnover, e.g., double photooxidation, which is the
classic interpretation of  based on O, measure-
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ments at slow flash rate (Kok et al. 1970). However,
the Kok model in Scheme 1 is a cyclic model in
which B can be interpreted either as a double turn-
over or a double deactivation (Shinkarev 2003). At
present, we have no direct data which answers which
of these two possibilities is correct. In fact, B may
have contributions from both mechanisms with
their relative contributions differing as a function of
flash frequency. For example, we speculate that
double deactivation may occur at high flash rates,
while double turnovers are known to occur at low
flash rates, based on O, yield data (Kolber et al.
1998; Shinkarev 2003). Double turnovers at low
flash frequency might be expected if cooperativity in
charge separation is possible between monomers
within the known dimeric PS II complex (Ferreira
et al. 2004). Cooperative photoprotection of PS 11
centers is observed to increase during photoinacti-
vation, possibly by a related mechanism as sug-
gested here (He and Chow 2003). Double
deactivation with aborted production of H,O,
might be expected at high flash frequencies, if
relaxation of the transient S-states cannot keep up
with the electron transfer events, perhaps owing to
slower proton evolution from the WOC. It is known
that H,O, formation occurs in modified WOC
centers depleted of chloride or inhibited by fluoride,
that are defective in proton evolution (reviewed in
Dasgupta et al. 2004). In future studies we hope to
address these provocative questions.

In conclusion, we have provided measurements
of o and B over a 5000-fold range of flash fre-
quencies within living cells using a novel fluores-
cence method. The strong deviation of these
parameters seen at high and low flash frequencies
and their strong correlation indicate that PS II-
WOC centers split water at remarkably lower
efficiencies and possibly by different mechanisms.
Among the several oxygenic phototrophs exam-
ined thus far, the cyanobacteria derived from
alkaline soda lakes are capable of the fastest water
splitting rates in vivo.
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