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ABSTRACT: The assembly of Mn2+ ions into the H2O oxidation complex (WOC) of the photosystem II
(PSII) reaction center is a light-driven process, termed photoactivation. According to the “two-quantum”
model, photoactivation involves two light-driven charge separations coupled to the photooxidation of
Mn2+ in order to form the first stable intermediate in a process that culminates in the oxidative assembly
of four Mn2+ ions and one Ca2+ ion to form the active, higher valence (Mn4-Ca) center of the WOC. To
better define the kinetics of the dark rearrangement and to gain some understanding of the basis for the
very low quantum yield of the overall process, photoactivation experiments, involving different flash
patterns, were conducted withSynechocystissp. PCC6803. It was found that even the so-called first stable
intermediate is readily lost during protracted (1-10 s) dark periods during photoactivation ofSynechocystis
cells. Low concentrations of the electron acceptor, DCBQ, improved the stability of the dark intermediates.
The unstable photoactivation intermediates formed early in the photoactivation process were not, however,
stabilized by the addition of Ca2+, although the overall yield of photoactivation is enhanced by the additional
Ca2+. Measurements of the kinetics of fluorescence yield verify that QA

- to QB electron transfer rates
change during the course of photoactivation as the high potential form of QA

- is converted to the low
potential form and show that DCBQ acts as an efficient electron acceptor from QA

- even while in its
high potential form. In addition the∼150 ms phase corresponding to the originally described dark
rearrangement of photoactivation, repetitive, double flash experiments, with a 10 s intervening dark period,
reveals a faster, 15 ms phase that is accentuated by DCBQ.

The assembly of manganese ions into the water oxidation
complex (WOC1) of the photosystem II (PSII) reaction center
is a light-dependent process termed photoactivation (for
reviews, see refs1, 2). Photoactivation is a multiquantum
process, and the basic kinetic scheme derived from George
Cheniae’s original studies (3-6) is widely accepted, although
the molecular basis of this process remains to elucidated.
Early kinetic analysis suggested that photoactivation involves
the formation of two unstable intermediates separated by a
light-independent (dark) rearrangement step, which has been
estimated to occur with a∼150 ms half-time. This kinetic
model has been termed the “two-quantum series model” (6),
and its derivatives (7-14) have not deviated fundamentally
from the original formulation (Figure 1A). Note, the forma-
tion of “D” corresponds to a stable state that readily converts
to an O2-evolving center.

One of the key experiments for demonstrating this kinetic
model was Cheniae’s paired-flash experiment (5), shown
schematically in Figure 1B. In this experiment, cyanobac-
terial cells were extracted with hydroxylamine to remove

the active site Mn and then subjected to a xenon light flash
protocol consisting of 75 single flashes or pairs of flashes
(∆t1 ) 150 ms) separated by longer and variable time
intervals (∆t1 ) 0.3 to 8 s). When the variable intervals were
long (5 to 8 s), the yield of photoactivated, O2-evolving
centers was only significant if pairs of flashes were given.
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FIGURE 1: (A) The “two-quantum” model of photoactivation.
Postulated state of Mn bound to the assembling WOC is shown
below. (B) The flash parameters describing the paired-flash
photoactivation protocol, modeled after Cheniae (5), used for
photoactivation of hydroxylamine-extractedSynechocystissp.
PCC6803 cells.
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The negligible yields for single flashes given at the longer
flash intervals were interpreted as demonstrating that at least
two light quanta were required to form a stable intermediate
in the formation of an O2-evolving center. Furthermore, two
light quanta were sufficient to form the stable intermediate,
since additional flashes (e.g. triples) did not significantly
improve the quantum yield of the process. These experiments
were complemented by measuring the yield of photoactiva-
tion resulting from a discrete number of equally spaced
flashes given at different intervals. This experiment produces
a “bell-shaped” curve that corresponds to low yields for
flashes given at short intervals, a maximum at intermediate
intervals, and low yields again, at long intervals. The low
yields at short flash intervals reflect the existence of a rate-
limiting, molecular processB f C that needs to go to
completion before the second quantum can be productively
utilized to advance the assembly process. The low yields at
long flash intervals reflect the decay of the first photoint-
ermediate,C, that is lost if the second quantum does not
arrive to form the first stable intermediate,D, thereby locking
in the progress as theC w D conversion. The rates of the
rearrangement and the decay have been estimated in several
systems to be approximately 150 ms and 1 to 8 s, respec-
tively, based upon a kinetic model derived from the scheme
shown in Figure 1A. However, over the course of multiple
repetitions of the flash interval experiment we have noticed
considerable variability in the shape of the bell curve in the
short flash interval region. In the context of subsequent
experiments, the initial photoact,A w B, likely involves the
photooxidation of a single Mn2+ ion (15) bound as the
hydroxide, Mn-OH+ (16), to the high affinity Mn-binding
site containing aspartate 170 of the D1 protein of PSII (17).
Photooxidation of this species, with the formation of
intermediateB, leads to the refractory period of the dark
rearrangement, during which further productive photooxi-
dation of Mn2+ cannot occur. The nature of this refractory
period in not clear, although it has been speculated that the
rearrangement toC involves a protein conformational change
necessary for the binding and subsequent photooxidation of
the second Mn2+ (2, 18-20).

The following experiments were designed to more thor-
oughly investigate the kinetics of the dark rearrangement and
the labile intermediates of photoactivation. Specifically, we
sought to kinetically isolate the dark rearrangement from the
decay processes associated with the intermediates by apply-
ing a new multiple flash procedure to improve our ability to
characterize the molecular aspects of photoactivation. The
results presented here suggest that the original model of
photoactivation may need modification to account for the
existence of two kinetically distinct processes that occur
during the assembly process. Preliminary aspects of this work
were presented in the Proceedings of International Congress
of Photosynthesis, Montreal 2004.

MATERIALS AND METHODS

Strains and Growth Conditions.The glucose-tolerant strain
of Synechocystissp. PCC6803 was routinely maintained in
BG-11 medium as described previously (21). Experimental
cultures were propagated in BG-11 media buffered with 20
mM HEPES-NaOH pH 8.0 (HBG-11) under a PFD (photon
flux density) of∼80 µmol m-2 s-1 at 30°C. Cultures were
bubbled with filter sterilized air enriched with 3% CO2. Light

intensity measurements were made with a LiCor sensor
(Lincoln, NE).

HA Extraction of Cells.When cultures were in late-log
phase and variable fluorescence ((Fm - F0)/F0) of the culture
was over 0.5, approximately 400 mL of cells was pelleted
at 25°C at 5850g (Sorvall, GSA rotor) for 10 min. The cells
were gently resuspended with a minimal volume of HBG-
11 using a paintbrush, and the volume was expanded to 35
mL with additional HBG-11. The washed cells were cen-
trifuged again at 25°C at 10400g for 5 min. The pelleted
cells were resuspended as before in HBG-11 medium, and
the suspension was adjusted to a Chl concentration of 100
µg mL-1 Chl. Hydroxylamine was added to 1 mM from a
freshly prepared 100 mM stock adjusted to pH 7, and the
treated suspension was incubated for 12 min in the darkness
with rotary agitation at room temperature. In later experi-
ments, the pH of the hydroxylamine was not adjusted since
it had no discernible effect on the results of extraction and
photoactivation, presumably because it was immediately
added to a fairly strongly buffed medium (HBG-11). The
incubated cells were washed with∼35 mL of HBG-11
medium and pelleted at 25°C by centrifugation at 10400g
for 5 min. This washing step was repeated four more times.
Finally, the cells were diluted (100µg Chl/mL) with HBG-
11 medium and maintained in the dark on a rotary shaker
throughout the course of the experiment.

PhotoactiVation of HA-Extracted Cells.HA-extracted cells
were photoactivated using an EG&G xenon flash lamp
receiving a 4.5 J discharge from a 5µF capacitor connected
to a EG&G PS-302 triggered power supply with a flash
duration of 5µs (full-width, at half-maximal peak intensity).
A new set of software routines was developed to allow more
complex flash patterns and data acquisition. This was
implemented using the LabView programming environment
(National Instruments, Austin, TX) and using on-board clocks
of the data acquisition card (PCI-MIO-16E, National Instru-
ments). Light from the flash lamp was focused vertically
down on an open vessel, silvered on the bottom, containing
400µL of HA-extracted sample in HBG-11 at a concentra-
tion of 100µg Chl mL-1. This medium contains MnCl2 and
CaCl2 at concentrations of 10µM and 245µM, respectively,
although the actual concentrations inside the cells in the
thylakoid are difficult to assess. The sample was magnetically
stirred during the photoactivation and assay period. Additions
to the photoactivation mixture are indicated in the text and
figure captions. Light from the xenon flash was determined
to be saturating by experiments using neutral density filters.
At the completion of the photoactivation flash treatment, 100
µL aliquots were withdrawn for assay for light-saturated rates
of O2 evolution, which were determined using a Clark-type
electrode. Photoactivated samples were resuspended in HN
(10 mM Hepes, pH 7.2, 30 mM NaCl) buffer supplemented
with an artificial electron acceptor system consisting of 1
mM DCBQ and 1 mM potassium ferricyanide, and oxygen
evolution was measured in response to saturating red (>620
nm) illumination at 30°C. Estimation of the kinetics of the
dark rearrangement and the decay of the intermediates was
obtained by fitting to the equationYn ) [kA/(kD -
kA)][D] 0(e-kAtd - e-kDtd) of Tamura (7). Here,Yn is the yield
of active centers on thenth flash, [D]0 is the concentration
of centers prior to the photoactivation, and the other
parameters have the same meaning as in Figure 1A.
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Fluorescence Measurements.Measurements of variable
fluorescence yields were performed using a Walz PAM 101
chlorophyll fluorometer equipped with PAM 103 flash
attachment (Walz Inc., Germany) essentially as described
previously (22, 23). Cells were prepared exactly as for the
photoactivation experiments monitored by O2 evolution as
described above.

RESULTS AND DISCUSSION

To prepare for a more detailed kinetic analysis of photo-
activation of the experimental modelSynechocystissp.
PCC6803 in vivo, improvements over the original procedures
(5, 12) were made in terms of yield and reproducibility (Table
1). Key factors were straightforward: (1) consistent growth
and harvesting of cultures using late log phase cells grown
with bubbling CO2-enriched aeration in buffered medium
resulted in very high starting activities; (2) care in resus-
pension and use of growth medium to wash the hydroxy-
lamine-extracted cells enhanced the extent of recovery. The
paired-flash experiment (vide supra and Figure 1B) was
performed withSynechocystissp. PCC6803 cells using the
procedure developed by Cheniae and Martin (5). For this
experiment, HA-extracted cells were subjected to a flash
protocol consisting of 75 single flashes separated by variable
dark intervals or pairs of flashes (∆t1 ) 150 ms) followed
by a longer and variable (∆t2 ) 0.3 to 8 s) period as shown
in Figure 1B. Even though these cells were capable of
efficient, high yield photoactivation under a sequence of 2000
flashes given with a time interval of 0.5 s (see Table 1), the
level of recovery was very small when the interval between
single flashes exceeded 1 s, consistent with the existence of
labile intermediates in the photoactivation process (Table 2).
However, even pairs of flashes produced very little yield at
longer time intervals (Table 2). This result contrasts with
the same experiment performed withSynechococcus elon-
gatus(quoted in Table 2) where paired flashes gave moderate
levels of recovery even with intervals of 5 and 8 s. This
experiment was repeated numerous times and under several
different preparation and buffer conditions, but all with
essentially the same result. This indicates that the photoac-
tivation intermediates are highly labile inSynechocystis
despite the high level of photoactivation that can be obtained
in the same preparation of cells. By comparison withS.
elongatus, there appear to be fundamental species-specific
differences in the photoactivation process in vivo. One
possibility is that the amount of reductant available to
deactivate the photoactivation intermediates is greater in

Synechocystisthan Synechococcus. The presence of an
unidentified PSII reductant has been invoked to explain
certain PSII fluorescence characteristics (24, 25) and to
explain the spontaneous formation of super-reduced forms
of the WOC (26, 27) and the associated loss of O2-evolution
activity and presumptive disassembly of the (Mn)4 when
mutants lacking the extrinsic proteins are placed in the dark
(11, 12, 28-30). Importantly, this result suggests that the
so-called first stable intermediate of photoactivation (3, 5,
7, 10-12, 31, 32), D in Figure 1A, is actually quite labile
in vivo in Synechocystis.

To explore the possibility that the increased dark lability
of the photoactivation intermediates is due to a PSII
reductant, the effects of an artificial electron acceptor were
tested. The photoactivation experiment shown in Figure 2
was conducted using the efficient membrane-permeable
electron acceptor 2,6-dichlorobenzoquinone (DCBQ), which
intercepts electrons at the QB site of PSII. It was tested in
conjunction with the secondary electron acceptor potassium
ferricyanide (KFeCN), which is not membrane permeable.
This widely used electron acceptor system supports the high
rates of light-saturated O2-evolution activity in standard
assays (Materials and Methods) and has been found to be
an efficient acceptor for the photoactivation of HA-extracted
wheat PSII membrane preparations (10). For this experiment,
HA-extracted cells were subjected to a series of 150 flash
pairs (∆t1 ) 300 ms, separated by a 10 s interval,∆t2 ) 10
s; see Figure 6, panel A, for scheme) with various concentra-
tions of DCBQ plus 200µM KFeCN. As shown in Figure
2, the optimum concentration is approximately 50µM DCBQ
under these conditions, which results in enhancement of the
yield of photoactivation nearly 2-fold. The optimum DCBQ
concentration is higher than the 20µM DCBQ optimum
observed for the in vitro wheat PSII membrane photoacti-
vation system (10). The yield of activity inSynechocystis
cells was less sensitive, but was consistently higher with the
addition of KFeCN as the secondary electron acceptor, yet
this dependence was not explored fully. Nevertheless, it can
be concluded that DCBQ is an efficient PSII electron
acceptor for the photoactivation of HA-extractedSyn-
echocystiscells.

Despite the nearly 2-fold enhancement of the yield of
photoactivation by the addition of DCBQ for the paired-
flash experiment, very little change was observed for the
increase in O2-evolution activity as a function of flash
number when flashes were given at a constant interval of
0.5 s as shown in Figure 3. Maximal activity was realized
after 2000 flashes with or without DCBQ, and DCBQ
actually decreased the final yield slightly. Therefore the
enhancement seen in the flash pair, long dark interval
experiment shown in Figure 2 is likely due to the stabilizing
effect that DCBQ has upon the labile dark intermediate(s)
of photoactivation.

To analyze the effects of the DCBQ treatment on the
acceptor side of PSII during photoactivation, the millisecond
kinetics of flash-induced fluorescence yield were monitored
using a PAM fluorometer equipped with a xenon flash lamp
(22, 33) (Figure 4). With fully photoactivated, intact PSII,
the measurement of fluorescence yield after a saturating flash
(in the absence of DCMU) primarily traces the transfer of
electrons from QA- to plastoquinone at the QB site of PSII
(17, 22-24, 34). Our detection system cannot accurately

Table 1: Maximal Yields of Photoactivation forSynechocystis
PCC6803

treatment O2 evolutiona

initial activityb 851.2( 11.2 (100%)
hydroxylamine-extractedc 7.3( 2.3 (0.86%)
fully photoactivatedd 784.7( 16.3 (92.2%)

a O2 evolution assays were performed with a Clark-type concentration
electrode and contained 1.0 mM DCBQ and 1.0 mM KFeCN. Values
are expressed asµmol of O2‚(mg Chl)-1‚h-1. b Initial activity measured
oxygen evolution of cell culture before treatment of hydroxylamine.
c After treatment of 1 mM hydroxylamine with cells at a concentration
of 100 µg of Chl mL-1, O2 evolution of cells.d After treatment of
hydroxylamine, then photoactivated by 2000 Xe flashes given with a
time interval of 0.5 s.
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measure this fluorescence transient sooner than∼200µs after
the flash, and therefore the early phases of the transient
corresponding to the initial rise in fluorescence due to the

formation of the highly fluorescent P680-QA
- state (nano-

to microseconds) and the fast phase of its decay due to the
transfer of the electron to the occupant of the QB site (∼100-
200µs) cannot be observed. However, the millisecond time
components of the QA- to QB transfer can be observed (22,
23) and provide an indicator of the overall process. In the
case of samples undergoing photoactivation, there are
additional complications due to the nature of the sample.
Most significantly, the rate of electron transfer from QA

- to
QB is dramatically slower in the un-photoactivated state of
PSII due to the midpoint redox potential of the QA

-/QA

couple being more positive. The QA
-/QA couple is+110

mV vs NHE in the absence of the assembled (Mn)4 compared
to -80 mV in the fully assembled state (35). The increase
in the rate of QA

- to QB transfer during photoactivation is
taken as evidence for the coupling of structural changes
occurring on the donor and acceptor side of the PSII complex
accompanying photoactivation and may have a protective
function (36, 37). Ono has used the associated change in
fluorescence kinetics as a means of titrating the high affinity
Mn2+ binding site (17) and established that the alteration of
the QA

- midpoint potential involves the photooxidation of a
single Mn2+ ion bound to the high affinity site (15).

Figure 4A illustrates this conversion of the high potential
to low potential form of QA

-/QA by following the fluores-
cence transient during the course of photoactivation in HA-
extractedSynechocystiscells. During the initial stage of
photoactivation (after 25 flashes, Figure 4A) there is virtually
no decay of fluorescence after the saturating actinic flash.
On the other hand, the initial level of fluorescence is
relatively high prior to the flash. This is due to the actinic
effect of the PAM fluorometer’s modulated measuring light
combined with the sluggishness of forward QA

- to QB in
the unassembled reaction center. Because of the slow transfer
QA

- to QB, even the relatively weak measuring light results
in the accumulation of QA- and hence an accumulation of a
large fraction of PSII centers in this high fluorescent state.
As an increasing fraction of the PSII centers contain an
assembled WOC during the photoactivation process, there
is a corresponding increase in the fraction of centers that
exhibit the more rapid, QA- to QB, transfer kinetics. When
this occurs, two things happen in this experimental setup:
first, the quasi-equilibrium level of fluorescence immediately
prior to the flash begins to approach the true basal level of
fluorescence,F0. Second, the fluorescence transient resulting
from the actinic flash forming the P680-QA

- state and the
subsequent decay of that state due to electron transfer to QB

Table 2: Photoactivation of Hydroxylamine ExtractedSynechocystissp. PCC6803 Using Single- versus Paired-Flash Illumination

Cheniae’s resultsa standard conditions standard+ DCBQ and FeCN

interval
(s) pairb singlec

pair/single
ratio pair single

pair/single
ratio pair single

pair/single
ratio

0.3 135 97 1.4 163.7( 4.0 94.7( 2.5 1.7 188.0( 6.6 143.0( 19.1 1.3
1 245 142 1.7 175.7( 4.0 69.7( 1.5 2.5 224.3( 7.4 151.7( 16.4 1.5
5 106 21 5.0 40.0( 1.7 9.0( 1.7 4.4 116.0( 3.6 30.3( 3.8 3.8
8 90 6 15.0 11.0( 3.6 4.7( 3.1 2.4 69.7( 1.5 19.3( 5.5 3.6

a Quoted results in Table 1 of Cheniae and Martin (5) using another cyanobacterium,Synechococcus elongatus(formerly Anacystis nidulans,
a.k.a.Synechococcussp. PCC7942). Note that artificial electron acceptors were not added during photoactivation in the original experiments by
Cheniae and Martin (5). b Paired flashes were separated by an interval (∆t1 ) 150 ms, Figure 1B) of flashes separated by longer and variable time
intervals (∆t1 ) 0.3 to 8 s, Figure 1B). Cells were exposed to 75 repetitive paired flashes (150 total flashes). Values are expressed asµmol of O2

(mg Chl)-1 h-1. c Single flashes as in footnoteb, but only one flash separated variable time intervals (∆t1 ) 0.3 to 8, Figure 1B). Hence, cells were
exposed to 75 repetitive single photoactivating flashes.

FIGURE 2: Optimizing photoactivation of hydroxylamine-extracted
cells with DCBQ plus potassium ferricyanide. HA-extracted cells
were subjected to a series of 150 flash pairs (∆t1 ) 300 ms), 300
flashes total, with each flash pair separated by a 10 s interval (∆t2
) 10 s); in the presence of the indicated concentrations of DCBQ
plus a constant amount, 200µM, of KFeCN, except for the control
that had neither DCBQ nor KFeCN added. Error bars indicate
standard deviations (n ) 3).

FIGURE 3: Photoactivation of hydroxylamine-extracted cells as a
function of the number. Trains of photoactivating varying flashes
were given with a uniform interval of 0.5 s to HA-extracted cells
in the presence (triangles) or absence (circles) of 50µM DCBQ
plus 200µM of potassium ferricyanide. Error bars indicate standard
deviations (n ) 3-5).
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becomes obvious (note the differences in traces correspond-
ing to increasing numbers of photoactivating flashes, Figure
4A).

The addition of DCBQ to otherwise identical samples
(Figure 4B) results in a sharp reduction in fluorescence at
all times during the observation of the experiment. Note that
the levels of fluorescence in panels A and B are directly
comparable since they are derived from identically prepared
samples, and high and similar rates of O2-evolution activity
are restored in each by the 1000th photoactivating flash (see
Figure 3). The fact that even the preflash quasi-equilibrium
level of fluorescence in the plus DCBQ sample (Figure 4B)
is lower than in the minus DCBQ control (Figure 4A)
suggests that DCBQ is an efficient electron acceptor even
in the un-photoactivated state of the acceptor side. This is
consistent with the fact that the midpoint potential for DCBQ
is approximately+200 mV whereas the estimated midpoint
of QA

- in the un-photoactivated state is+110 mV (35), as
mentioned above. It is apparent from these results that DCBQ
is also an efficient electron acceptor during photoactivation
of Synechocystisand suggests that the stabilization of labile
photoactivation intermediate(s) by 50µM DCBQ during
protracted intervals of darkness between photoactivating
flashes is likely due to the interception of electrons at the
acceptor side of PSII. At the same time, caution on this
conclusion is warranted owing to the fact that the potential
for direct quenching of fluorescence cannot be excluded.

Since Ca2+ is an essential component of the WOC and
has been shown to be important for the protection of (Mn)4

from reductant in the intact WOC (38-40) to modulate the
kinetics of photoactivation (13, 14, 18, 41). Therefore, we
tested the effects of added Ca2+, in the presence of the Ca2+-
ionophore A23187, on the yields of photoactivation under
continuous, equally spaced flashes and in a paired-flash
experiment where the decay of intermediates is pronounced
(Figure 5). Consistent with its importance in the assembly
and function of the WOC, the addition of Ca2+ resulted in a
modest but significant increase in the yield of photoactivation
under continuous flashing at 500 ms intervals. On the other

hand, Ca2+ did not stabilize the dark labile intermediates in
the paired-flash experiment. Since Ca2+ is well-established
as protecting the assembled (Mn)4 from attack by exogenous
reductants (38-40), the present results may indicate that the
rapid destabilization of the photoactivation intermediates in
vivo is due to attack by reductant that is internal to the
reaction center.

DCBQ was tested to determine whether it stabilized the
intermediates that proved labile during the 10 s dark interval
between either single flashes or flash pairs of the Cheniae
experiment as summarized in Table 2. Indeed, DCBQ was
observed to stabilize the labile dark intermediate(s) of
photoactivation under both single and paired-flash illumina-

FIGURE 4: DCBQ is an efficient acceptor of electrons and quencher of fluorescence during photoactivation in vivo. Traces were obtained
with the same preparation of cells and were treated identically except that panel A is without DCBQ while panel B contains 50µM DCBQ
plus 200µM potassium ferricyanide. Fluorescence transients were recorded after 25, 100, and 1000 photoactivating flashes as the average
of five flash transients after the 20th, 95th, and 995th flashes in the series. The saturating Xe actinic flash (∼6 µs fwhm) occurs at 11 ms
in this figure and is accompanied by a large negative electronic artifact. The level of fluorescence immediately prior to the flash is equivalent
to Feq in ref 23, except that the quasi-equilibrium concentration of QA

- changes as the acceptor side properties change from slow to fast
rates of QA

- to QB transfer in the samples during the photoactivation (see Results and Discussion). The modulated measuring beam
automatically is switched from 1.6 to 100 kHz 2 ms before the xenon flash. TrueF0 is estimated to be approximately 0.21. Conditions are
the same as for the photoactivation experiments in the other figures except that the chlorophyll concentration is 5µg mL-1.

FIGURE 5: Effect of Ca2+ on photoactivation of the 75 repetitive
paired (right panel) and same space (left panel) flashes of
hydroxylamine-extracted cells. Equally spaced flashes with peri-
odicity of 0.5 s. The paired flashes were composed to 150 ms
interval between the first and second flashes, and 10 s dark period
between the second flash and the first flash of the next cycle.
Photoactivation reactions as before but supplemented with the
following: (Ca2+) 10 µM A23187, 20 mM CaCl2; (DCBQ) 50µM
DCBQ, 200 µM potassium ferricyanide. Error bars represent
standard deviation (n ) 3).
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tion conditions (Table 2). Considering these results in the
context of the two quantum model (Figure 1A): If DCBQ
were to specifically stabilize intermediatesB and/orC, rather
than D, then a greater DCBQ enhancement would be
expected for the single-flash protocol than the double flash
protocol. However, yields from both protocols are increased
by DCBQ (Table 2), and the enhancement (yield with DCBQ
÷ yield without DCBQ) is greater for the paired-flash
protocol (69.7÷ 11) 6.3-fold at the 8 s interval) is actually
higher than for the single-flash protocol (19.3÷ 4.7) 4.1-
fold at the 8 s interval). Therefore, DCBQ likely stabilizes
several intermediates, includingD, the “first stable interme-
diate” (3, 5, 7, 10-12, 31, 32) that is found here to be rather
unstable inSynechocystis.

Since DCBQ stabilizes labile photoactivation intermediate-
(s), an estimate of its effects upon the rate of the decay of
the intermediates and its effect on the kinetics of the rate-
limiting, molecular processB f C, the “dark rearrangement”
step, was examined by further probing the stability of the
intermediates under systematically varied dark intervals.
Additionally, we sought to better define the kinetics of the
process by increasing the number of samples at short time
intervals. Figure 6 shows the results of two types of
experiment, illustrated schematically in panel A. The first
type of experiment involves photoactivation by a finite
number of equally spaced flashes, 300 in this case, and
repeating this using different flash intervals ranging from a
few milliseconds to several seconds (upper scheme, panel

A) and measuring the extent of recovery of oxygen evolution
for each flash set. Plots of the results of this experiment are
shown in panels B (no DCBQ, open circles) and C (50µM
DCBQ, closed circles) of Figure 6 and exhibit a characteristic
bell-shaped curve. Addition of DCBQ results in increases
in yield at the shorter and longer intervals corresponding to
a broadening of the overall curve. The kinetics of the dark
rearrangement and decay of intermediates can be estimated
from the rising and falling slopes, respectively, of the bell-
shaped curve (3, 7, 12, 20, 42-44). Accordingly, the overall
decay of the intermediates in the dark slowed approximately
2-fold by DCBQ, with estimated half-times of 1 and 2.1 s
without and with DCBQ, respectively. This fits with the
conclusion that DCBQ stabilizes dark intermediates drawn
from the paired-flash experiments (Table 2 and Figure 2).
DCBQ was also observed to affect the rising portion of the
curve, and, correspondingly, the dark rearrangement has an
estimated half-time of 190 and 130 ms without and with
DCBQ, respectively. However, the shape of the plus DCBQ
curve has a shoulder in the domain of short flash intervals,
perhaps suggesting the existence of another kinetic phase
observable in DCBQ-treated samples, and therefore these
numerical estimates may be misleading since they assume a
simple exponential component (7, 45).

The second type of experiment is shown schematically in
the lower part of Figure 6, panel A, and is indicated by the
open and closed triangular symbols of the adjacent plots in
panels B and C. This is a variant of the paired-flash

FIGURE 6: Effect of DCBQ on flash interval dependence of photoactivation in hydroxylamine-extractedSynechocystisPCC6803 cells.
Three hundred flashes were given as pairs separated by a 10 s dark interval (triangles) or as trains of equally spaced flashes (circles) as
depicted schematically in panel A. Each data point therefore represents the yield of 300 flashes, with each data point representing the
different flash patterns and timings used. HA-extracted cells were photoactivated with (panel B) or without (panel C) 50µM DCBQ and
200µM potassium ferricyanide. The data were normalized with respect to the values of fully photoactivated (2000 flashes) replicates. Error
bars indicate standard deviations (n ) 3-5).
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experiment, discussed earlier (Table 2), and involves a
constant and relatively long dark period separating pairs of
flashes given at short and systematically varied intervals. The
idea here is that the long dark interval between paired flashes
should allow decay of the dark intermediatesB and C to
largely reach completion, according to the two-quantum
model, and the spacing of the pairs of flashes should assay
for the rate of the dark rearrangement. As with the first type
of experiment (equal spacing of flashes, circle symbols), each
data point represents the yield of photoactivation after 300
flashes, but with differences due to the timing of the 300
flashes. Without the addition of DCBQ (Figure 6, panel B,
open triangles), the yield of photoactivation was small even
at intervals that should allow completion of the dark
rearrangement, yet still relatively short compared to the 1 s
decay time estimated from the bell curve above. This
indicates that stability of one or both of the two photoint-
ermediatesB and/orD is very low. This, combined with the
fact that yields are relatively high with a constant flash
interval of 500 ms in the bell curve, indicates a requirement
for additional flashes, perhaps to advance the assembly past
the binuclear complex (intermediateD), before a stable
cluster of Mn atoms is formed or to allow the accumulation
of a secondary oxidant capable of stabilizing the intermedi-
ates.

The addition of DCBQ (Figure 6, panel C, closed triangles)
produced an approximately 2-fold increase even at the
shortest interval (30 ms) in the paired-flash experiment. At
very short flash intervals, the photoactivation yields depend
mostly on the efficiency of very rapid processes (quantum
yield of the two photoreactions), rather than the slower
processes such as the dark rearrangement. Therefore, the
efficient electron acceptor activity of DCBQ during photo-
activation, as shown in the fluorescence experiment (Figure
4), appears to prevent the loss of intermediates by preventing
the back-reaction between QA

- and the oxidized Mn pro-
duced by the primary photoreactions. Similar conclusions
were reached after the efficacy of artificial electron acceptors

in the in vitro photoactivation of spinach PSII membranes
was analyzed (10).

While the increase in yields by DCBQ in the paired-flash
experiment is expected given the other results with this
electron acceptor, what is remarkable about the paired-flash
experiments shown in Figure 6 is what isnot observed: the
rate-limiting dark rearrangement step characterized by the
∼150 ms kinetics is absent despite significant yields of
oxygen evolving activity. The dependence of the yield
increase on flash interval in this paired-flash experiment
indicates a process with a half-time of approximately 16 and
23 ms, with and without DCBQ, respectively. These rates
are 5- to 10-fold faster than the dark rearrangement time
and approach the turnover time overall catalytic cycle of the
intact PSII reaction center. Since it seems unlikely that any
of the photoactivation intermediates would survive longer
than the 10 s dark interval of the paired-flash experiment,
the rapid kinetics may indicate one of at least two possibilities
in the context of the two-quantum mechanism: (1) a fraction
of centers are already configured in the rearranged stateC
during or shortly after the first photoact (A w B) of the two-
quantum mechanism and thus do not need to reconfigure to
stateC in order to productively utilize the second quantum.
For example, if the dark rearrangement (B f C) is a protein
conformational change that does not absolutely depend upon
the occurrence of the first photoact (A w B), then a fraction
of centers may already exist in the “C” conformation during
the first photoact and the second quantum may thus be
productively utilized at a rate determined only by the rate
of turnover of the photochemical reaction center. Alterna-
tively, a secondary oxidant is utilized to allow oxidation of
intermediateC generated from a pair of flashes in a
precedingcycle (Figure 6A) that succeeds in theA f B
conversion, initiating the rearrangement toC, but fails to
generateD with the second member of the flash pair. To
explain the results, the putative oxidant must have a longer
lifetime than the 10 s of the dark period, and be able to
oxidize bound Mn2+ in the C state. While this latter

FIGURE 7: Effect of multiple flashes on the yield of photoactivation in hydroxylamine-extractedSynechocystisPCC6803 cells. Yields of
photoactivation, shown in panel B, due to 300 flashes were given as pairs (left side of panel B) or 450 flashes given as triples (right side
of panel B), separated by a 10 s dark interval according to the schemes depicted in panel A. The paired-flash experiment shown in the left
portion of panel B yield indicates the restoration of O2 evolution by 300 pairs of flashes and is similar in design and result to the 50µM
DCBQ, 200µM potassium ferricyanide treatment of Figure 2. The triple flash experiments, shown in the right portion of panel B, involve
an additional flash given at different times relative to the pair of flashes, as indicated in the table below panel B. Each data point therefore
represents the yield of 450 flashes, with each column representing the different flash patterns used. All photoactivation reactions were
conducted as before in reactions supplemented with 50µM DCBQ, 200µM potassium ferricyanide. Error bars represent standard deviation
(n ) 3).
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alternative involving the action of a stored oxidant could
explain the rapid phase, it still does not readily account for
the absence of the 150 ms phase that is anticipated according
to the standard formulation of the two-quantum mechanism.

To further probe the kinetics in the experimental format
of the paired-flash experiment, a triple flash protocol was
devised to determine the effect of an additional flash inserted
within the flash pair. This additional flash was given at
various times shortly after the first member of the flash pair,
but before the second member of the flash pair (see scheme
in bottom part of Figure 7, panel A). The enhancement of
yield by the insertion of this additional flash was found to
be low when placed 30 ms after the first flash, higher 100
ms afterward, and greatest at 200 ms after the first flash
(Figure 7B). The enhancement declined as it approached to
within 30 ms of the last flash of the set (270 ms after the
first flash of the triple, Figure 7B). Analysis of this
dependence indicates that the rising portion of this enhance-
ment corresponds to a process with a half-time of ap-
proximately 150 ms, presumably the dark rearrangement. The
fact that the enhancement declines again as the inserted flash
approaches coincidence with the last flash of the triple
underlines the importance of the third flash in producing the
enhancement. If the inserted flash is to be effective, then it
must be given with ample time for a rearrangement after
the first of the triple and ample time before the last of the
triple. It appears that the inserted flash potentiates the effect
of the third flash and that this potentiation requires a recovery
time between the first and second and between the second
and third flashes of the flash triple. Given the timing, the
results suggest that after one flash that follows a long (10 s)
dark period, assembling reaction centers are converted to a
state that requires the 150 ms rearrangement period for the
productivity of the subsequent photoactivating flashes.

CONCLUSIONS

The present experiments demonstrate that the cellular
environment of photoactivation has a strong influence on
the stability of the photooxidized Mn intermediates formed
during the assembly the WOC. The intermediates are
considerably more unstable than previously reported. A large
component of this instability appears to be the back-reaction
of electrons on the acceptor side of the reaction center (e.g.
QA

-) with the oxidized intermediates leading to the formation
of the (Mn)4 cluster, as illustrated by the stabilizing effects
of the electron acceptor, DCBQ. While DCBQ generally
enhanced the yields of photoactivation under most conditions,
the most pronounced effect was found in the paired-flash
experiments (e.g. Figure 6, compare triangular symbols).
Besides the unexpected degree of instability of intermediates,
an assembly phase that is 10-fold faster than the previously
identified rate-limiting dark rearrangement was observed.
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