
Bicarbonate Is aNatiVe Cofactor for Assembly of the Manganese Cluster of the
Photosynthetic Water Oxidizing Complex. Kinetics of Reconstitution of O2

Evolution by Photoactivation†,‡

S. V. Baranov,§,| A. M. Tyryshkin,§ D. Katz,§ G. C. Dismukes,*,§ G. M. Ananyev,⊥ and V. V. Klimov#

Department of Chemistry, Hoyt Laboratory, Princeton UniVersity, Princeton, New Jersey 08544,
Institute of Marine and Coastal Sciences, Rutgers UniVersity, 71 Dudley Road, New Brunswick, New Jersey 08901, and

Institute of Basic Biological Problems, Russian Academy of Sciences, Pushchino, Moscow Region, 142290 Russia

ReceiVed May 22, 2003; ReVised Manuscript ReceiVed December 31, 2003

ABSTRACT: Assembly of the inorganic core (Mn4OxCa1Cly) of the water oxidizing enzyme of oxygenic
photosynthesis generates O2 evolution capacity via the photodriven binding and photooxidation of the
free inorganic cofactors within the cofactor-depleted enzyme (apo-WOC-PSII) by a process called
photoactivation. Using in vitro photoactivation of spinach PSII membranes, we identify a new lower
affinity site for bicarbonate interaction in the WOC. Bicarbonate addition causes a 300% stimulation of
the rate and a 50% increase in yield of photoassembled PSII centers when using Mn2+ and Ca2+

concentrations that are 10-50-fold larger range than previously examined. Maintenance of a fixed Mn2+/
Ca2+ ratio (1:500) produces the fastest rates and highest yields of photoactivation, which has implications
for intracellular cofactor homeostasis. A two-step (biexponential) model is shown to accurately fit the
assembly kinetics over a 200-fold range of Mn2+ concentrations. The first step, the binding and
photooxidation of Mn2+ to Mn3+, is specifically stimulated via formation of a ternary complex between
Mn2+, bicarbonate, and apo-WOC-PSII, having a proposed stoichiometry of [Mn2+(HCO3

-)]. This low-
affinity bicarbonate complex is thermodynamically easier to oxidize than the aqua precursor, [Mn2+-
(OH2)]. The photooxidized intermediate, [Mn3+(HCO3

-)], is longer lived and increases the photoactivation
yield by suppressing irreversible photodamage to the cofactor-free apo-WOC-PSII (photoinhibition).
Bicarbonate does not affect the second (rate-limiting) dark step of photoactivation, attributed to a protein
conformational change. Together with the previously characterized high-affinity site, these results reveal
that bicarbonate is a multifunctional “native” cofactor important for photoactivation and photoprotection
of the WOC-PSII complex.

The participation of dissolved carbon dioxide, often as the
bicarbonate or carbonate ions, in light-driven electron
transport processes in oxygenic photosynthesis has been a
rich field of study for more than 30 years, in part because
these species could serve in a feedback mechanism for
controlling the delivery of reducing equivalents to the (dark)
carbon fixation reaction (reviewed in ref1 and references
cited therein). There are several sites for bicarbonate/CO2

action in photosynthesis. Here we focus on those found in
or around PSII. On the basis of spectroscopic data (2, 3) it

was concluded that bicarbonate binds to the non-heme Fe(II)
site of photosystem II (PSII)1 as a ligand to the non-heme
iron (4, 5) where it supports rapid electron transfer between
the quinone cofactors QA and QB, possibly through facilitat-
ing proton transfer steps (6). Evidence for a second site in
PSII where bicarbonate acts has also been revealed (7). The
idea of the possible involvement of bicarbonate in the water
oxidation/O2 evolution reaction was first hypothesized by
Warburg (8) and later by Stemler and Govindjee (9). Mass
spectrometric data (10) and biochemical data (11) that
support the hypothesis were given and later refuted by other
mass spectrometric data (12). More recent biochemical
evidence was interpreted in favor of a carbonic anhydrase
activity intrinsic to PSII as a possible origin for the
bicarbonate effect on PSII (13, 14).
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The evidence for bicarbonate involvement on the donor
side of PSII has been recently summarized (15). Bicarbonate
was shown to stimulate the rate of donation of electrons from
free Mn2+ ions to the photogenerated tyrosine radical YZ

• in
manganese-depleted PSII. Bicarbonate addition to Mn-
depleted PSII facilitates the photoconversion of added Mn2+

into a form that is not detectable by conventional (perpen-
dicular mode) EPR at room temperature and is presumed to
be in the form of Mn3+ (16). EPR data have since confirmed
that Mn3+ forms as the product of Mn2+ photooxidation by
apo-WOC-PSII (17). Electrochemical data have provided
evidence to support the involvement of Mn-bicarbonate
complexes as the likely electron donors (18). These studies
have helped to clarify the earlier contradictory claims but
have not identified where and how bicarbonate acts to
stimulate water splitting by PSII.

The inorganic cofactors required for O2 evolution activity
by the native PSII-WOC have been previously identified
by examining the recovery of O2 evolution activity to the
cofactor-depleted WOC-PSII (apo-WOC-PSII). This pro-
cess, termed photoactivation, is a multistep process that
requires both light and dark steps in the presence of the free
inorganic ions (Mn2+, Ca2+, Cl-), an exogenous electron
acceptor (ferricyanide, DCIP), and apo-WOC-PSII (19).
Although performed in vitro, this process is believed to
model the in vivo pathway of assembly during biogenesis
and repair (20, 21). In the last several years it has become
possible to kinetically resolve the first few steps during
photoactivation by monitoring the rate of reconstitution of
O2 evolution using ultrasensitive amperometric detection of
O2 with improved time resolution (22, 23). This has led to
the elaboration of the two-step kinetic model that was
proposed on the basis of O2 yield measurements (24-27).

Using this method we previously found a small (10-20%)
but consistent effect of bicarbonate on the kinetics and yield
of photoactivation when using stoichiometric amounts of
Mn2+ (2-4 Mn2+/PSII) at the 1-4 µM concentration range
(28). This work demonstrated the existence of a high-affinity
binding site (KD < 10 µM) for bicarbonate within apo-
WOC-PSII which accelerates formation of the first Mn3+

assembly intermediate from Mn2+. However, it has remained
unclear how bicarbonate may differ from other weak bases
or hydroxide donors and what its effect may be at much
higher (physiological) concentrations [dissolved inorganic
carbon in water arising from atmospheric CO2 is less than
15 µM versus 2 mM in seawater, while intracellular levels
of 0.5 mM are found in some freshwater cyanobacteria (29)].
For example, alkaline pH also accelerates the initial rate of
photoactivation but, in contrast to bicarbonate, reduces the
yield or activity of fully reconstituted centers (30). Herein
we examine the effect of bicarbonate on photoactivation
kinetics using concentrations of Mn2+ up to 250 molar excess
and Ca2+ up to 105 molar excess over the apo-WOC-PSII
concentration. These concentrations are 50-fold and 10-fold
higher, respectively, than we previously examined and set
the stage for future spectroscopic measurements under
identical conditions. At these higher Mn2+ and Ca2+ con-
centrations, bicarbonate produces a much greater rate ac-
celeration and stimulates the yield of the assembly process
more so than at stoichiometric Mn2+/PSII ratios. These larger
effects correspond to a new (low affinity,KD ) 0.2-2 mM)
site for bicarbonate interaction with Mn2+ bound to PSII that

is distinct from the high-affinity site reported earlier (KD <
10 µM). Thus, the present and earlier data indicate two sites
for bicarbonate functioning during assembly of the inorganic
core in the WOC of PSII. The data presented herein show a
close association between the low-affinity bicarbonate site
and the high-affinity Mn2+ site on apo-WOC-PSII. We
discuss possible chemical models for this ternary complex
and evolutionary implications.

MATERIALS AND METHODS

PSII-enriched membrane fragments were prepared from
market spinach by the method of Berthold et al. (31) with
minor modifications (32). Under saturating continuous il-
lumination, the oxygen evolution rate of the PSII membranes
was 400-450 µmol of O2/(mg of Chl‚h) in the presence of
1 mM K3Fe(CN)6 and 0.25 mM 2,5-dichloro-p-benzoquinone
(DCBQ) as electron acceptors. Membranes at 3-5 mg of
Chl/mL were frozen in 0.4 M sucrose-MES/NaOH buffer
(pH 6.0) and stored in liquid N2. SDS-PAGE was performed
using a 13.5% gel with PSII samples containing 10-15 µg
of Chl/mL in accordance with the literature (33).

PSII membranes depleted of all three extrinsic proteins
(molecular mass 17, 24, and 33 kDa) but retaining all four
manganese ions were obtained by washing in 1 M CaCl2
using the method of Ono et al. (34). In the presence of 20
mM CaCl2, these extrinsic protein-depleted PSII (EP-depleted
PSII) membranes exhibit a 60% oxygen evolution rate versus
the untreated PSII membranes at pH 6.0, in agreement with
these authors (data not shown). SDS-PAGE of EP-depleted
PSII membranes confirms complete removal of all three
extrinsic proteins (Figure 1) and thus reveals that they have
the same protein composition as the apo-WOC-PSII par-
ticles used in the photoactivation experiment. Therefore, we
used the O2 evolution rate of EP-depleted samples as a
measure of the maximal rate which may be reached if 100%
of apo-WOC-PSII membranes were reconstituted. Accord-

FIGURE 1: Extrinsic protein composition of the PSII membrane
preparations used in this study resolved by SDS-PAGE containing
13.5% acrylamide: lane 1, PSII membranes; lane 2, the EP-depleted
PSII membranes; lane 3, apo-WOC-PSII membranes. The numbers
to the right represent molecular masses (in kDa) deduced from
molecular weight markers (Sigma).
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ingly, the vertical scale in the O2 measurements shown in
this paper is normalized to the activity of the EP-depleted
PSII particles measured under identical cofactor concentra-
tions, pH, and illumination conditions. The vertical scales
reflect the absolute percentage yield of reactivated PSII
membranes in photoactivation experiments.

To prepare apo-WOC-PSII samples depleted of Mn2+,
Ca2+, and the three extrinsic proteins, we used a brief
incubation in mild alkaline buffer as previously described
(35) with some modifications (36). This method is based
upon observations that alkaline treatment for short periods
inactivates O2 evolution reversibly (19, 37, 38). Small
volumes (∼1 mL) of PSII membranes at a concentration of
0.25 mg of Chl/mL were incubated in 20 mM CHES/NaOH
buffer (pH 9.4) in the presence of 200 mM MgCl2 for 40-
90 s at room temperature followed by dilution with 50 mM
MES/NaOH buffer (pH 6.0) to stop the reaction. The
membranes were washed with 0.3 M sucrose-MES/NaOH
buffer (50 mM, pH 6.0) in the presence of 1 mM EDTA
and twice in the EDTA-free buffer. The resulting apo-WOC-
PSII membranes were devoid of the three extrinsic proteins
as determined by SDS-PAGE (Figure 1) and exhibited no
residual O2 evolution activity (i.e., below the detection limit
of the photoactivation cell, 0.5% peak or 0.05% peak
integral). The residual Mn content in these apo-WOC-PSII
membranes was estimated to be less than 0.3 Mn per PSII,
using EPR to detect free Mn2+ following acid digestion in
100 mM HNO3 and assuming 250 Chl/PSII. These apo-
WOC-PSII particles were capable of reconstituting the
water-splitting system of PSII and to evolve oxygen at very
high rates equal to 60-70% of the rate observed with the
EP-depleted PSII, or about 40% of the O2 rate of the
untreated PSII complexes.

Photoactivation of apo-WOC-PSII membranes was per-
formed as previously described (30) in assay medium
containing 300 mM sucrose, 35 mM NaCl, and 50 mM
MES/NaOH buffer (pH 6.0) and in the presence of 1.8 mM
K3Fe(CN)6 as the terminal electron acceptor. The samples
(1 µM apo-WOC-PSII and an indicated amount of MnCl2,
CaCl2, and NaHCO3) were mixed, loaded into the photo-
activation cell, and incubated for 11 min in the dark prior to
the start of the illumination. Light pulses from an LED
(wavelength maximum 670 nm and peak intensity 80 mW/
cm2) were used with constant duration (tlight ) 30 ms) and
fixed dark time between flashes (tdark ) 3 s). The same light
flashes were used both to advance the light-dependent
photoassembly reaction and to measure the O2 evolution rate
of the assembled WOC-PSII. Amperometric detection of
O2 was performed in a Clark-type microcell of 5µL volume
covered with a thin (1-5 µm) silicone-type membrane
having a rise time of 0.1 s for O2 detection. Differential
amplification of the signal in the bandwidth 0.3-10 Hz was
used to further reduce the noise level (S/N∼ 5 at 50 fmol
of O2). Additionally, a computer-based digital acquisition
system allowed 10 point averaging (at 5 kHz sampling rate)
to further improve the S/N. The resulting O2 signal was
postprocessed by integration to give the total O2 evolved per
each flash. The final S/N ratio of the integrated peak permits
detection of about 0.05% of the O2 signal produced by the
holoenzyme. The time course of the O2 signal recovery was
normalized to the O2 evolution activity per flash of the EP-
depleted PSII (as described above) to give a percentage yield

of the reactivated WOC-PSII. Finally, the resulting inte-
grated kinetic curves were fitted by a linear multiexponential
model using a commercial software package Origin 7.0
(OriginLab).

RESULTS

Kinetic Model of PhotoactiVation. The minimal kinetic
model to describe the photoactivation process consists of two
steps (23, 24, 27, 39):

where IM0 is a dark precursor state, IM1 and IM2 are
assembly intermediates, and WOC-PSII is the reconstituted
(functional) oxygen evolving complex. At low Mn2+ con-
centrations typically used in our works (1-16 µM), the dark
precursor IM0 is mostly free of Mn2+, e.g., apo-WOC-PSII
(23). At greater Mn2+ concentrations used by others (0.1-1
mM), IM0 has Mn2+ bound to the high-affinity site in PSII
(24, 27). Depending on the initial dark precursor state, the
first reversible step (k1/-1) involves binding and/or light-
induced photooxidation of Mn2+ to Mn3+ to form the first
assembly intermediate, IM1. Confirmation of this step to
include the first assembly intermediate IM1 was possible
following improved kinetic resolution (23).

The second step (k2) is kinetically rate-limiting. It was
shown to involve both dark and light steps that produce a
long-lived intermediate IM2 containing two Mn3+ (23, 24,
27, 40). The systematic study of the dependence ofk2 on
Mn2+ and Ca2+ concentrations and on various light-dark
flash regimes led us to conclude that a dark step, forming
intermediate IM1*, precedes the light-dependent step of
binding and photooxidation of the second Mn2+ (22, 23):

The dark step is actually rate-limiting, and its slowness may
be associated with a protein conformational change that
prepares the binding site for the uptake of the second Mn2+

(27, 39). An alternative model for the rate-limiting step has
been also postulated. This step was suggested to proceed
via an unstable intermediate that contains one Mn3+ and one
Mn2+ (24, 26, 27, 40). Since the decay time of this unstable
intermediate is fast, it may form and decay many times before
advancing with a low efficiency to the next stable intermedi-
ate IM2. Thus, the overall slowness of the rate-limiting step
k2 was explained by the low quantum efficiency of the
reaction.2 The difference in the two models probably arises
owing to the 10-100 times greater Mn2+ concentrations used
in these works. The assembly of the (Mn)4 cluster is
completed by binding and oxidation of two more Mn2+ ions,
which is fast and therefore kinetically unresolved.

Each kinetic step in eq 1 may involve a number of
chemical steps and require one or more cofactors (e.g., such
as Mn2+, Ca2+, Cl-), a loss of proton, and either light or
darkness. For simplicity, each photoactivation step is de-
scribed by the pseudo-first-order rate constants (ki) which

2 Note that the rate-limiting stepk2 in eq 1 is not equivalent to the
rate-limiting (or yield-determining) stepkD in the model proposed by
Tamura and Cheniae (24).
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explicitly include the dependence on the cofactor concentra-
tions, media pH, and light/dark intensity regime. The cofactor
and light requirements for the first two kinetically resolved
steps (k(1 andk2) have been previously examined (see refs
23and39and references cited therein). Under the condition
that all steps after IM2 are much faster, and assuming that
the concentrations of the added Mn2+ and Ca2+ cofactors
do not change significantly during the course of the photo-
activation process (and thuski are constant), the model of
eq 1 has the analytical solution:

whereA1/λ2 ) A2/λ1 ) YSS/(λ1 - λ2), Y(t) is the yield of the
assembled WOC-PSII at timet, andYSS is the steady-state
yield extrapolated to infinite time. The rate constantsλ1,2

are complex functions of the rate constantsk(1, k2:

At commonly encountered conditions of the photoactiva-
tion experiments,k1 . k2, these expressions can be simplified
to λ1 ) (k1 + k-1) andλ2 ) k2k1/(k1 + k-1). Y(t) is directly
proportional to the O2 flash yield, [O2(t)] ) Y(t)Φ, whereΦ
is the quantum yield of O2 per flash per unit concentration
of reconstituted WOC-PSII centers. As indicated in Materi-
als and Methods, for the purpose of normalizationΦ is
assumed to be equivalent to the same value obtained using
the EP-depleted PSII complexes, measured under identical
conditions. Thus, the yield of reactivated PSII centers in eq
3 is obtained from [O2(t)]/Φ.

Typical experimental kinetics of reconstitution of O2

evolution by photoactivation of apo-WOC-PSII are shown
in Figure 2, using 400 light/dark pulse cycles. Panel A
illustrates the kinetics in the presence of 250 molar excess
of MnCl2 (250µM) and 100 mM CaCl2 (curve 1) and in the
absence of either Mn2+ or Ca2+ (curve 2). The vertical scale
is normalized to 100% of the photoactivation yield, using
the EP-depleted PSII particles as described in Materials and
Methods. Thus, about 70% of apo-WOC-PSII was recon-
stituted with a functional WOC in experiment 1 in Figure 2,
while no detectable O2 activity is seen in experiment 2 in
the absence of added Mn2+ or Ca2+. Two phases (lag phase
and the rate-limitingλ2 phase) are clearly resolved in the
photoactivation kinetics. Note that in our previous works we
mainly used graphical methods to obtain the parametersk2

and the lag time (tlag) directly from the plots of the
experimental kinetics using the method of initial rates (23).
Herein, we use a least-squares numerical method to fit the
entire time course of photoactivation kinetics to eq 3. Both
methods provide essentially the same results; however,
uncertainty of the graphical method (arising from necessity
to guessYSS to achieve the best linearization of the kinetics
in the log graph plot) is avoided in the numerical fitting.
For the caseλ1 . λ2, which is typical for many of our
experiments, the relationship between these parameters is
simply given byλ1 ∼ 1/tlag andλ2 ∼ k2. The lag periodtlag

andYSS derived from the numerical fit (see below) are also
indicated in Figure 2. Here and in all other fittings,YSS was
obtained by extrapolation of a biexponential fit to infinite
time, using experimental kinetic data that are at least 80%

complete. Panel B expands the initial portion of the kinetics
from panel A. Small (negative) flash artifacts are clearly seen
in curves 1and 2 which can be nearly fully eliminated by
subtracting curve 1- curve 2.

This artifact-corrected curve was integrated to determine
the O2 evolved per flash and then was numerically fitted to
eq 3. An example of such a fit is shown in Figure 3 and
confirms that the biexponential model given by eq 3 fits the
data to within better than 1% residual, which is equal to the
random error of the data. Taking into account our earlier
measurements at low cofactor concentrations, we find that
the biexponential model fits the kinetics over the range
4-250 Mn2+/PSII (8-250µM Mn2+) and 8-300 mM Ca2+.
This represents a 10-50-fold wider concentration range than
examined by this method previously (23).

High Mn2+ and Ca2+ Concentrations.Previous studies
have already established that maintaining an optimal ratio
of Mn2+ and Ca2+ concentrations is essential for effective
reactivation of WOC-PSII (25, 27, 41). Confirming this
earlier work, we found that 0.1-0.5M Ca2+ is required to
produce the maximum yield at 100-250µM Mn2+. This is
a 12-50-fold increase above the 8 mM Ca2+ found optimal
when using stoichiometric levels of Mn2+ (4-16 µM) (23).
Remarkably, at 250µM Mn2+ and 100 mM Ca2+ the yield
of assembled PSII,YSS) 50-70%, is significantly improved
compared to only 20-30% at 10µM Mn2+ and 8 mM Ca2+

Y(t) ) YSS+ A1e
-λ1t - A2e

-λ2t (3)

λ1,2 )
(k1 + k-1 + k2) ( x(k1 + k-1 + k2)

2 - 4k1k2

2
(4)

FIGURE 2: (A) Kinetics of restoration of flash-induced O2 evolution
(photoactivation) in cofactor-depleted apo-WOC-PSII in the pres-
ence of 250µM MnCl2, 100 mM CaCl2, and 1.8 mM K3Fe(CN)6
(curve 1) and in the absence of the cofactors (curve 2). 400 flashes
(∼20 min) are shown. The lag time (tlag) is computed from a
biexponential fitting of the integrated kinetics using eq 2. The
horizontal dashed line indicates the maximum yield of O2 at the
end of photoactivation (YSS) estimated by numerical fitting. The
vertical scale (100%) is normalized to absolute yield of reactivated
PSII centers as described in the text. (B) Expanded first minute of
the kinetics from panel A in the presence (1) and in the absence
(2) of Mn2+/Ca2+ cofactors. Subtraction of curve 1- curve 2
eliminates the flash artifact.
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(Table 1). In earlier works we reported 100% photoactivation
yield based on a less accurate normalization standard,
involving comparison to the O2 evolution rate of intact PSII
membrane using continuous light illumination (22). The use
of even higher manganese concentrations does not increase
the yield at any Ca2+ concentration. In addition, above 250
Mn2+ per PSII (250µM) we observe that a third exponential
component appears in the photoactivation kinetics (data not
shown), and thus the model given by eq 1 is not strictly valid
above this concentration range. Therefore, we restricted our
study to concentrations no higher than 250µM Mn2+.

Over the concentration range from 10 to 250µM Mn2+

the kinetic parameters (λ1 and λ2) do not change by more
than a factor of 2, provided that the Ca2+ concentration is
adjusted to optimize the yield (Table 1). This observation is
consistent with previous data suggesting a competition or
screening between Mn2+ and Ca2+ taken up during the
photoactivation process (20, 23, 25, 27).

Effect of Bicarbonate.Figure 4 plots representative
integrated photoactivation kinetics,Y(t), obtained from data

like those in Figure 2, measured in the presence of 0, 1.2,
and 4 mM added sodium bicarbonate at fixed pH 6.0 and
with 100 µM Mn2+ and 100 mM Ca2+. The kinetics have
noticeably different slopes and lag times (tlag is shown more
clearly in the insert in Figure 4). The kinetic parameters (YSS,
λ1, λ2) were derived from the numerical fits of the data to
the biexponential model of eq 3, and these parameters are
summarized in Figure 5 for three different Mn2+ concentra-
tions at fixed 100 mM Ca2+ and as a function of the
bicarbonate concentration up to 4 mM. Higher bicarbonate
concentration led to a shift of the pH, and therefore data
above 4 mM are not included.

Figure 5A shows that bicarbonate stimulates the photo-
activation yieldYSS by 70% at 16µM MnCl2, by 50% at
100µM MnCl2, and by 24% at 250µM MnCl2, as compared
to the samples without added bicarbonate (there is about 6
µM bicarbonate due to dissolved atmospheric CO2 at pH 6.0).
At 250 µM MnCl2 and 125µM bicarbonate,YSS reaches a
maximum level of 75%, which is the highest yield observed
in any photoactivation experiment we have reported. Note-
worthy, the data in Figure 5A show that the amount of
bicarbonate needed to maximize the yield is reduced in
proportion to the amount of Mn2+ in the medium.YSS peaks
at bicarbonateg4 mM (16 Mn2+/PSII), 1 mM (100 Mn2+/
PSII), and 0.2 mM (250 Mn2+/PSII). Independently, we
observed that added bicarbonate does not affect the flash-
induced O2 yield of the EP-depleted PSII membranes at
bicarbonate concentrations up to 4 mM (data not shown).
Therefore, the 100% level in Figure 5A is identical at all
bicarbonate concentrations between 6µM (the atmospheric
content) and 4 mM.

Comparison of Figures 5A and 4B reveals that the
stimulation ofYSS is closely correlated to acceleration ofλ1

(the rate constant for formation of the first intermediate), as
judged by the parallel trends of their Mn2+ and bicarbonate
concentration dependences. In the case of 16 and 100µM
Mn2+, addition of 4 mM bicarbonate results in 4- and 3-fold
acceleration ofλ1, respectively, while at 250µM Mn2+ the

FIGURE 3: Integrated O2 flash yield during photoactivation as
performed in Figure 1. (A) Experimental and simulated (superposed
solid line) photoactivation kinetics and (B) their residual plot. The
simulation uses the biexponential model of eq 3. The insert in panel
A represents the first 35 flashes (solid circles). The vertical scale
is normalized to 100% of photoactivation yield using the EP-
depleted particles. Conditions are the same as in Figure 2.

Table 1: Representative Kinetic Parameters for Photoactivation at
Low and High Concentrations of the Mn2+ and Ca2+ Cofactorsa

cofactorsb YSS
c (%) λ1, s-1 λ2, s-1

10 µM Mn2+ and 8 mM Ca2+ d 20-30 0.03 0.0015
250µM Mn2+ and 100 mM Ca2+ 50-70 0.06 0.0007

a In both cases, at the given Ca2+ concentration the Mn2+ concentra-
tion was optimized to produce the highest yield of photoactivation with
no added bicarbonate.b See Materials and Methods for pH, buffer, and
electron acceptor concentrations.c The highest yield found so far (75%)
occurs at 250µM MnCl2, 100 mM CaCl2, and 125µM bicarbonate,
pH 6.0. d The rate constantsλ1 and λ2 shown at low Mn2+/Ca2+

concentrations differ slightly from what we reported earlier (see, for
example, ref23) because of different illumination conditions (light
pulses of 30 ms in this study versus 40 ms in ref23) and different pH
(6.0 vs 6.2).

FIGURE 4: Photoactivation kinetics of apo-WOC-PSII membranes
in the presence of (1) 0 mM, (2) 1.2 mM, and (3) 4 mM added
bicarbonate. Assay conditions are pH) 6.0, 1 µM apo-WOC-
PSII, 100µM MnCl2 (100 Mn2+/PSII), 100 mM CaCl2, and 1.8
mM K3Fe(CN)6. The insert expands the first 40 flashes. The vertical
dashed lines represent the lag timetlag

(i) for each experiment as
derived from fitting the entire kinetics to eq 3.
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acceleration is about 1.3-fold. The bicarbonate concentration
required to produce this maximal acceleration decreases in
direct proportion to the Mn2+ concentration in the medium.

Figure 5C demonstrates that the rate constantλ2 (the rate-
limiting step) is virtually unaffected by bicarbonate. A small
decrease ofλ2 is observed at the higher bicarbonate
concentrations, with the maximal effect of 30% seen at 100
µM Mn2+ and almost no effect at 16µM Mn2+. Consistent
with these data, a similar minor decrease of the rate constant
k2 was observed in photoactivation experiments performed
at lower (stoichiometric) concentrations of Mn2+ (1-4 µM)
and 8 mM Ca2+ (28). As discussed below, the effect onλ2

correlates with formation of Mn2+-bicarbonate complexes
in solution.

DISCUSSION

Optimal Mn2+/Ca2+ Concentrations for PhotoactiVation.
The present data extend the range of Mn2+/Ca2+ concentra-
tions which has been studied using the high-resolution kinetic
measurements. Remarkably, over the entire range of Mn2+

and Ca2+ concentrations from 4 to 250 Mn2+/PSII and 2-500
mM Ca2+ the time course of photoactivation quantitatively

follows a two-step biexponential kinetic model of eq 1. To
achieve a high photoactivation yield at high Mn2+ concentra-
tions (100-250 µM), the Ca2+ concentration needs also to
be increased to 0.1-0.5 M (Table 1), which is a 12-50-
fold increase compared to 8 mM Ca2+ found optimal at the
lower 8-16 µM Mn2+ concentrations (23). Intermediate
Mn2+/Ca2+ concentrations require about the same ratio. Thus,
an approximately fixed ratio of Mn2+:Ca2+ ) 1:500 needs
to be maintained in order to optimize the photoactivation
yield. Ratios of 1:20 and 1:50 may be derived from the data
presented in the works of others (25, 27); the difference
probably originates from the different illumination condition
(continuous dim source light), different extrinsic protein
content in the apo-WOC-PSII membranes, and different
electron acceptors used in these studies.

The origin of this optimal Mn2+/Ca2+ ratio can be
explained by a simple model (Scheme 1) involving competi-
tive binding of these cofactors at their (functional) effector
sites (20, 24, 27). At Mn2+ concentrations below this optimal
ratio, Ca2+ can bind to the Mn2+ binding site and thus shifts
the initial equilibrium to an inactive dark precursor(s). The
inactive species lack Mn2+ bound to the high-affinity site or
have Ca2+ blocking Mn2+ at this site. Kinetic evidence for
Ca2+ displacement of Mn2+ at the high-affinity site was
previously presented in which the decay rate of IM1 to IM0

was shown to be proportional to the Ca2+ concentration (23).
The active species in Scheme 1 have Mn2+ bound at the high-
affinity site and thus can be photooxidized to form the next
assembly intermediate. Inappropriate Ca2+ binding may delay
or even block a photoassembly process with a partially
assembled WOC-PSII, possibly leading to photoinhibition
damage (27, 41). Photoinhibition processes (reversible or
irreversible) are known to occur to these inactive precursors
owing to the absence of a photooxidizable electron donor
and thus suppress the overall yield of the photoactivation
process (42, 43).

At Mn2+ concentrations at or higher than the optimal, the
dark equilibrium is shifted to the active dark precursors
(i.e., symbolized as [Mn2+(OH2)] in Scheme 1). This both
increases the initial assembly rate and suppresses photo-
inhibition. However, as the Mn2+ concentration increases
above the optimal Mn2+/Ca2+ ratio, the photoactivation yield
decreases due to competitive electron donation by excess
(nonfunctional) Mn2+ ions. This delays the assembly process
and exposes the partially assembled WOC-PSII to excessive
photodamage. One of the physiological roles of Ca2+ was
previously suggested to suppress the inappropriate ligation
of Mn2+ to the partially assembled WOC and thereby
promote the ligation of Mn2+ to productive sites which lead
to assembly of the functional inorganic core (41). Thus, both
excessively low and high Mn2+/Ca2+ ratios result in partially
assembled clusters and appreciable photoinhibition, while
maintaining an optimal Mn2+/Ca2+ ratio reduces this inhibi-
tion. With the Mn2+/Ca2+ concentrations optimized, the
photoactivation yield can increase to 60-70% at the higher
cofactor concentrations, compared to only 20-30% at the
lower cofactor concentrations (Table 1). This observation is
consistent with Scheme 1, which predicts a shift from the
inactive to active dark precursors when both Mn2+ and Ca2+

concentrations are proportionally increased. The increased
concentrations also increase the availability of the Mn2+/
Ca2+ cofactors during all other steps of photoassembly.

FIGURE 5: Bicarbonate concentration dependence of (A) the
photoactivation yield,YSS, (B) the pseudo-first-order rate constant
for formation of the first intermediate,λ1, and (C) the pseudo-first-
order rate constant for the rate-limiting step,λ2. Assay conditions:
pH ) 6.0, 1µM apo-WOC-PSII, 100 mM CaCl2, and indicated
concentrations of MnCl2.
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These results suggest that biogenesis of the WOC cluster
in vivo should be able to tolerate a wide range of environ-
mental concentrations of Mn2+ and Ca2+ by controlling the
intracellularratio close to the optimal value of 1:500. This
control may be important for proper assembly and function-
ing in vivo. WOC biogenesis and localization occur within
different domains of the thylakoid membrane in chloroplasts
(stromal vs granal membranes) (44), and in some cyanobac-
teria (GloeobacterV.) it occurs within a single membrane
system that is contiguous with the cytoplasmic membrane
(45). Experimental data are rare on the intracellular concen-
trations of Mn2+ and Ca2+ within the lumenal space of the
thylakoid membrane system of chloroplasts where the WOC
cofactors are localized. However, an estimate of the mean
number of Mn2+ ions within the unicellular cyanobacteria
Synechocystispcc6803 has been determined to be ca. 108/
mature cell for cells grown under standard culture conditions
(46). For an average cell diameter of 4µm this corresponds
to a mean concentration of about 3 mM. The majority of
this Mn2+ is reversibly associated with the cytoplasmic
membrane, while a smaller amount, typically 1-2%, is
tightly associated with the internal thylakoid membrane. This
estimate suggests that a 100-fold range in local Mn2+

concentrations is present internally within some unicellular
cyanobacteria. Mn2+ stress can produce an additional 100-
fold drop in the labile cytoplasmic Mn2+ stores (46). Thus,
the present data indicate that a system for compartmentation
of the WOC that suppress such large swings in internal metal
ion concentration, or a system for cosequestration of Ca2+,
would seem to be needed for efficient assembly and function
of the WOC in vivo.

Kinetic Rate Parameters and Mechanism. Over the broad
range of cofactor concentrations (i.e., 10-250µM Mn2+ and
8-500 mM Ca2+) the kinetic parameters,λ1 andλ2, change
by no more than a factor of 2, if their concentration ratio is
maintained fixed at the optimal ratio (Table 1). At typical
photoactivation conditionsλ1 ) k1 + k-1, and thusλ1 reflects
both the forward and reverse processes in the formation of
the first photooxidized intermediate (IM1 in Scheme 1). The
k1 process involves several chemical steps, including site
occupation by Mn2+ (both the free site and by displacement
of Ca2+), electron transfer to photooxidized tyrosine radical
YZ

•, and coupled proton transfer probably to a nearby amino
acid base (pKa ∼ 6-7 (30, 47)), resulting in formation of
the first light intermediate [Mn3+(OH-)] (reviewed in refs

39and48). The protonation state of other ligands to [Mn3+],
both protein-derived and water molecules, is not specified
for simplicity. The light intermediate IM1 decays through
rereduction or dissociation processes with the decay ratek-1

or can also advance to the next light-induced assembly
intermediate IM2 through the rate-limiting stepk2 and IM1*
(Scheme 1).

Although in this work we did not attempt to determine
the individual rate constantsk1 and k-1, some conclusions
can be drawn on the basis of earlier studies done at low
Mn2+/Ca2+ concentrations (23). The rate of formation of IM1
(associated with rate constantk1) was shown to increase with
increasing Mn2+ concentration (at fixed Ca2+) but decrease
with increasing Ca2+ concentration (at fixed Mn2+). Thus if
both Mn2+ and Ca2+ concentrations are increased proportion-
ally (i.e., to maintain their optimal ratio), the ratek1 may
not vary significantly. This observation is consistent with
Scheme 1, which predicts thatk1 should depend on the
concentration of the active precursor in the initial dark
equilibrium. The decay ratek-1 was measured to be about
an order of magnitude slower thank1 and shown to increase
linearly with the Ca2+ concentration (in the range 1-20 mM)
while being nearly independent of Mn2+ concentration (23).
This observation is also consistent with Scheme 1 where
competition between Mn2+ and Ca2+ for binding to the high-
affinity Mn2+ site is considered. Thus,λ1 ()k1 + k-1) is a
complex rate parameter, and its observed weak dependence
over the wide range of Mn2+/Ca2+ concentrations (Table 1)
reflects off-setting processes, each having a different depen-
dence on Mn2+ and Ca2+ concentrations.

The molecular process that occurs during the rate-limiting
stepλ2 has not been identified yet. It was shown previously
that λ2 is a combination of dark and light steps. The first
dark step may be associated with a slow protein conforma-
tional rearrangement that is triggered by the photooxidation
of Mn2+ to Mn3+ (39). The slow rate of theλ2 step [λ2 ∼
(0.7-1.5)× 10-3 s-1] is compatible with, but not definitive
evidence for, a protein-driven conformational change as the
cause of overall slowness of this step (24). The weak
dependence ofλ2 on Mn2+ and Ca2+ concentration (Table
1) is another indirect support of the kinetic limitation due to
a slow protein conformational change. When the Mn2+ and
Ca2+ concentrations are increased proportionally by 20-fold
(i.e., keeping the Mn2+/Ca2+ ratio fixed), the net result is
apparent independence ofλ2 on the cofactor concentrations.

Scheme 1: Proposed Intermediates in the First Steps of the Photoactivation Process at High Ca2+ Concentrationa

a Brackets represent the high-affinity Mn site on apo-WOC-PSII. Ca2+ is not shown but is assumed to be bound at its effector site on apo-
WOC-PSII. Only one water ligand to Mn2+/Mn3+ is shown which undergoes proton ionization; all other (protein-derived and water molecule)
ligands are omitted for clarity.
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Previously, competition between Mn2+ and Ca2+ was found
during the rate-limiting stepλ2 when their concentrations
were independently varied both in large excess (27). At these
conditions there is a population of other sites which create
more intermediates, and thus a more complex kinetic
behavior could be observed. Following the darkλ2 step, a
second photochemical step associated with the binding and
oxidation of a second Mn2+ occurs and produces the long-
lived intermediate IM2 (24, 40).

Bicarbonate Stimulation of PhotoactiVation.Our purpose
now is using the model in Scheme 1 to identify the possible
site(s) and mechanism of bicarbonate action in the photo-
assembly process. The present data demonstrate strong
bicarbonate stimulation of the photoactivation yieldYSS

(Figures 5A) and the net rate of the first assembly stepλ1

(Figures 5B) at high cofactor concentrations. BothYSS and
λ1 exhibit the same concentration dependences on bicarbon-
ate, which suggests a common origin of these effects. The
amount of bicarbonate that produces the maximum effect
on both of these parameters depends inversely on the Mn2+

concentration. By contrast, little or no effect is seen on the
rate-limiting dark stepλ2 (Figure 5C).

To explain these effects, we propose that bicarbonate
induces a shift in the initial dark equilibrium from an inactive
to active Mn2+ precursor (Scheme 1) and that the most active
species is a ternary complex bound to the high-affinity Mn2+

site in PSII, denoted [Mn2+(HCO3
-)]. This model predicts

an inverse dependence on Mn2+ and bicarbonate concen-
trations. From the data in Figure 5 the formation constant
for the ternary complex can be estimated to be 107 M-2 at
pH 6, assuming a 1:1:1 apo-PSII:Mn2+:HCO3

- ternary
complex in which only one HCO3- molecule participates
in complex formation. Although the present data do not
provide direct insight into the molecular nature of the
Mn2+-bicarbonate interaction, EPR results do show a
bicarbonate effect on the ligand field parameters and the55Mn
magnetic hyperfine interaction in the bound [Mn3+] (49).
Taken together, the photoactivation and EPR data are
consistent with each other and support the formation of a
ternary complex. For the sake of simplicity we formulate
the dark precursor as [Mn2+(HCO3

-)], although the present
data do not exclude ionization of a coordinated amino acid
ligand to Mn2+, e.g., [Mn2+(L-)], or delivery of hydroxide
to form [Mn2+(OH-)]. The bicarbonate effect is, however,
not equivalent to alkalinization of the medium, which also
acceleratesλ1 but greatly suppressesYSS (30).

Bicarbonate coordination to Mn2+ in solution results in a
significantly lower oxidation potential to form Mn3+ than
for aquo-Mn2+ (Mn2+

aq) [E° ∼ 0.68-0.52 vs 1.18 V,
respectively (50, 51)]. Similarly, a lower oxidation po-
tential is expected for the bound [Mn2+(HCO3

-)] compared
to [Mn2+(OH2)]. Therefore, a higher quantum efficiency
(and higherk1 or lower k-1) can be expected for the dark
precursor [Mn2+(HCO3

-)] during the first photochemical
event of electron transfer to the oxidized YZ

•. The oxidized
[Mn3+(HCO3

-)] may be more stable (lowerk-1) compared
to [Mn3+(OH2)] against decay by rereduction, which would
improve the net efficiency of the first photochemical step.
However, direct measurement ofk-1 was not performed, so
this possibility was not proven.

In contrast toλ1, bicarbonate does not appreciably change
the rate-limiting step (λ2) at any concentration of Mn2+ and

Ca2+ studied herein, in agreement with our earlier data at
lower Mn2+ and Ca2+ concentrations (28). This observation
is consistent with the proposal stated above that theλ2 step
is rate-limited by a dark conformation change in the protein
and largely independent of the cofactor concentrations. At a
high molar excess of Mn2+ over PSII, addition of millimolar
concentrations of bicarbonate weakly decreases the photo-
activation yield and slows bothλ1 andλ2 rates (Figure 5).
This effect coincides with the formation of free Mn2+-
bicarbonate complexes in solution and is in good agreement
with the experimental dissociation constants for Mn2+-
bicarbonate complexes in water at pH 7: Mn2+(HCO3

-) KD

∼ 16 mM (52) and Mn2+(HCO3
-)2 KD ∼ 30 mM (53). As

noted above, the electrochemical potentials of these com-
plexes show they are much easier to oxidize than Mn2+

aq,
thus enabling them to serve as effective electron donors to
PSII (18, 51). We suggest that these species serve as
competitive electron donors to oxidized YZ

•, and possibly
YD

• and P680+ at nonfunctional sites that are not productive
in photoassembly.

The present data on photoactivation kinetics corroborate
the results reported earlier at low cofactor concentrations
(1-8 µM Mn2+ and 8 mM Ca2+), showing that bicarbonate
weakly stimulatesYSSandλ1 but notλ2 (28). The new results
reported herein show that bicarbonate also acts at a second,
lower affinity site populated at higher Mn2+ and Ca2+

concentrations. The high-affinity bicarbonate site is observ-
able using stoichiometric Mn2+ concentration (e8 Mn/PSII)
and causes maximal stimulations ofYSS andλ1 of 10-20%
and saturates (disappears) above 8 Mn/PSII (28). The amount
of bicarbonate needed to produce these changes is as little
as 20µM, which already saturates the effect seen at low
Mn2+ and Ca2+ concentrations (KD < 10 µM). Binding of
bicarbonate to the low-affinity site is observable at 10-fold
or greater Mn2+ and Ca2+ concentrations in the range 16-
250µM Mn2+ and causes a maximal increase ofYSSby 70%
andλ1 by 300%. The amount of bicarbonate needed to half-
saturate this site is 0.2-2 mM and depends reciprocally on
the concentration of Mn2+.

Thus, we can conclude that there are two sites or
mechanisms for the bicarbonate effects on the photoactivation
process, and these are visualized in Scheme 2. At low Mn2+/
Ca2+ concentrations (Scheme 2A) when the high-affinity
Mn2+ site is unoccupied [KD ) 30-40 µM for Mn2+ has
been recently estimated (49)], bicarbonate appears to elec-
trostatically attract free Mn2+ to the vicinity of the PSII
complex from solution. The increased concentration of Mn2+

would accelerate the rate of Mn2+ uptake during the
photoactivation reaction and thus stimulateλ1. Electrostati-
cally induced rate stimulaton has been observed using
lipophilic anions such as tetraphenylboron that partition into
the PSII membrane (30). As depicted in Scheme 2, we
propose that bicarbonate may serve as a membrane-soluble
anion, as a base to ionize protein residues on the surface of
the PSII protein complex, or form ion pairs with positively
charged arginine residues on the surface of the D1 protein
in the PSII complex. The D1 subunit of PSII contains three
arginine residues located on the inner aqueous surface
exposed to the lumen where the WOC assembly occurs. This
stimulation effect is only observed if both bicarbonate and
Mn2+ concentrations are kept below their saturation con-
centrations, e.g., below 20µM bicarbonate or less than 8
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µM Mn2+, and thus we call this the high-affinity site or
mechanism of bicarbonate action (28).

The second site or mechanism of bicarbonate action is
illustrated in Scheme 2B and occurs at higher cofactor
concentrations (16-250µM Mn2+ and 100-250 mM Ca2+)
and thus is dubbed the low-affinity site. The high-affinity
Mn2+ site is occupied at these concentrations, and direct
coordination of bicarbonate to this Mn2+ to form a ternary
complex with apo-WOC-PSII, e.g., [Mn2+(HCO3

-)], is
proposed as the origin of the low-affinity bicarbonate effect.

Bicarbonate Protects against Photoinhibition.The highest
photoactivation yields we have found so far require bicar-
bonate (maximumYSS ) 75% at 250µM MnCl2, 100 mM
CaCl2, and 125µM bicarbonate, pH 6.0). The present and
previous photoactivation data show that, at all concentrations
of Mn2+ and Ca2+ that produce incomplete assembly of the
inorganic core of the WOC, bicarbonate is able to signifi-
cantly increase the rate and yield of productive intermediates
and reduce the number of centers that become photoinacti-
vated. This occurs at concentrations of bicarbonate that are
physiologically important in cells and chloroplasts (29). Thus,
bicarbonate should be considered an important native co-
factor for photoassembly of the inorganic core of the WOC
and photoprotection of the protein complex in oxygenic
phototrophs.
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