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ABSTRACT: The process of photoactivation, the assembly of the water-oxidizing complex (WOC) of
photosystem II (PSII) membranes, has been examined using two major improvements in methodology.
First, a new lipophilic chelator,N,N,N′,N′-tetrapropionato-1,3-bis(aminomethyl)benzene (TPDBA), has
been used that permits complete extraction of both manganese and calcium and the three extrinsic WOC
polypeptides while minimizing damage to the apo-PSII protein and, importantly, eliminating the need to
use reductants. Second, an ultrasensitive, fast-response, polarographic cell and detection system were
built. The apparatus features (a) an ultrabright red light-emitted diode (LED) for controlling the light
intensity, pulse duration, and dark intervals, features critical for minimization of photoinhibition; (b) a
microvolume (5µL) O2 polarographic cell (Clark type) fitted with a thin silicone membrane for rapid
response (100 ms); and (c) DC/AC preamplifier integrated into the microcell and interfaced to a band-
pass AC amplifier. The sensitivity enables detection of∼5 × 10-14 mol of O2 per flash at a signal to
noise) 5/1. These improvements permit 100-fold lower Mn concentrations to be explored. Under
optimum conditions, complete recovery of O2-evolving activity could be restored compared to that of
PSII membranes depleted of the three extrinsic polypeptides (35%Vmax Vs intact PSII). Titration of the
photoactivation steady-state O2 yield, Yss, and the half-time for recovery,t1/2, Vs Mn concentration
demonstrate that 4.0 Mn/P680 are cooperatively taken up at 95% restoration ofYss and that 1.1-1.2 Mn
atoms are involved in the rate-limiting photolytic step under steady-state conditions. Due to minimization
of photoihibition, this intermediate exhibits a single exponential recovery kinetic over the entire population
of PSII centers. Mn atoms in excess of 4 Mn/P680 accelerate the rate of photoactivation but decrease the
yield above 8-10 Mn/P680. Maxima in bothYssandt1/2 are observed at similar electrochemical potentials
of the medium, 380 and 340 mV, respectively. We attribute this maximum to either elimination of a
recombination reaction between the redox-active tyrosine-161 of the D1 polypeptide (YZ

+) and an electron
acceptor, possibly cytochromeb559, or stabilization of an intermediate in photoactivation. At low Mn2+

concentrations, a new pre-steady-state kinetic intermediate which binds fewer than 4 Mn atoms can be
directly observed. This early kinetic phase has a rate that depends on Mn concentration and is independent
of the electron acceptor identity and concentration.

Photoactivation, thein ViVo process by which the essential
inorganic cofactors (manganese, calcium, and chloride) bind
to the apo-PSII1 core complex and under illumination form
a functional O2-evolving enzyme, is an example of protein-
templated assembly of a reactive catalytic cluster (Cheniae
& Martin, 1971; Radmer & Cheniae, 1971, 1977). The
cluster is unstable in solution and has not been “extruded”

from the protein as an intact core, unlike the stable inorganic
cores of iron-sulfur proteins and the Mo-Fe cofactor of
nitrogenase. The mechanism of photoactivation is a funda-
mental problem in bioinorganic chemistry, being common
to all oxygenic photosynthetic organisms.

In the past 25 years, many studies have provided insight
into the photoactivation process, including (1) the role of
inorganic cofactors (Mn2+, Ca2+, and Cl-) and experimental
conditions, such as light intensity, pH, type of buffer and
exogenous electron acceptor, and the method for removal
of Mn (Ono & Inoue, 1983a,b; Yamashita & Ashizawa,
1983; Hsu et al., 1987; Ananyev et al., 1988b; Miller &
Brudvig, 1989, 1990; Miyao-Tokutomi et al., 1990; Miyao
& Inoue, 1991; Tamura et al., 1991, 1992); (2) identification
of essential amino acid residues for assembly and possible
Mn ligands (Tamura et al., 1989a, 1992; Preston & Seibert,
1989, 1991); (3) The time course for recovery of O2 evolution
under continuous and intermittent light leading to a kinetic
model for assembly of the cluster, involving sequential light
and dark steps of Mn ligation and photooxidation leading to
formation of the tetra-Mn cluster (Tamura & Cheniae,
1987a,b); and (4) a model for reassembly of the extrinsic
polypeptides of PSII and their role in enhancing the affinity
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or stability of one or more of the inorganic cofactors (Ono
& Inoue, 1983a; Tamura et al., 1989b; Ebina & Yamashita,
1992; Blubaugh & Cheniae, 1992).
Model systems for studyingin Vitro photoactivation have

included isolated chloroplasts and PSII membranes after
extraction of manganese, calcium, and extrinsic polypeptides
and chloroplasts isolated from greening plants grown under
intermittent flashing illumination (Ono & Inoue, 1983a). The
methods used for complete extraction of cofactors have relied
on using reductants such as NH2OH, NH2NH2, DCIPH2, or
hydroquinone (Yamashita & Tomita, 1974; Radmer &
Cheniae, 1977; Miyao & Inoue, 1991), usually accompanied
by washing in alkaline buffer (0.8-1 M Tris-HCl buffer).
Reductants like NH2OH facilitate removal of Mn from the
WOC by prereduction to the labile Mn2+ valence state.
However, residual NH2OH that is not removed prior to
photoactivation poses a potential problem in slowing the
kinetics of photoactivation, as also does the use of divalent
cations. Using NH2OH and Tris free base to extract PSII
membranes, Tamura and Cheniae (1987a,b) found that 90%
Mn could be released and that only light and Mn2+ were
essential for Mn religation to the apo-PSII but that Ca2+

addition was required for maximal expression of water
oxidation activity by the photoligated Mn. More recently,
Chen et al. (1995) have shown that Ca2+ is also needed for
prevention of ligation and photooxidation of nonfunctional
Mn in high valency states that inhibits activity. Divalent
cations like Mg2+ and Ca2+ appear to compete with Mn2+

for nonspecific binding sites (Miller & Brudvig, 1989).
Complete removal of Mn (>97%) and the extrinsic water-

soluble proteins (17, 24, and 33 kDa) from PSII membrane
fragments has also been achieved by incubation with 1 M
Tris/0.5 M MgCl2 (pH 7.8), while O2-evolving activity can
be restored to 50% with Mn2+, Ca2+, and Cl- (Klimov et
al., 1986, 1987; Shafiev et al., 1988). This method benefits
from the absence of reductants but employs divalent ions
and mildly denaturating conditions.
The use of intact chloroplasts and thylakoid membranes

poses the additional problem of restricted accessibility of
the soluble cofactors to the membrane-associated PSII
centers. The more highly resolved O2-evolving core com-
plexes (40-60 Chl/P680) have the disadvantage of damage
to the electron acceptor side, leading to enhanced rates of
photoinhibition in the absence of Mn [for review see Debus
(1992)]. Triton X-100-extracted PSII membranes (200-250
Chl/P680) comprised of exposed or disrupted grana mem-
branes appear to be the best compromise between adequate
accessibility which appears not to limit the photoactivation
kinetics and the retaining of low levels of photoinhibition
in the absence of Mn.
The choice of electron acceptor is also critical, as it must

interact rapidly with the endogenous acceptor in the oxidized
form, while not reacting with the exposed WOC in either
the reduced or oxidized form. The quinone acceptors,
ferricyanide, and DCIP have all been examined. It has been
reported that 5-20µM DCIP is optimal for photoactivation
with 1 mM Mn2+ (Miyao & Inoue, 1991) or 0.8 mM
K3FeCN6 with 4-8 µM Mn2+ (Ananyev et al., 1988a,b;
Shafiev et al., 1988).
The number of Mn2+ ions needed for photoactivation has

been estimated in previous studies by measurement of the
number of Mn ions which bind to the apo-PSII protein. These
results show a range of stoichiometries from 2 to 6 Mn

atoms/RC of PSII [for reviews see Cheniae (1980), Brudvig
et al. (1989), Debus (1992), and Callahan and Cheniae
(1985), Dismukes (1986), Dismukes et al. (1982), Pauly and
Witt (1992)]. These earlier methods have all required a large
excess of Mn relative to P680, typically 100-fold, in order
to observe a maximal yield of photoactivation and to
minimize photoinhibition. Photoinhibition of apo-PSII is a
severe problem at low Mn concentrations and at continuous
white light (Blubaugh & Cheniae, 1990; Chen et al., 1992).
Examination of the early intermediates in photoactivation

has been hampered by the insensitivity of the commercial
Clark-type electrode used to assay O2 concentration. To
achieve measureable O2 concentrations during photoactiva-
tion with commercial Clark-type cells, one needs to use
sample volumes on the order of 1 mL or larger and high
concentrations of the inorganic cofactors, typically 100-fold
in excess of the PSII concentration in order to suppress
photoinhibition. This limitation has made it impossible to
use stoichiometric concentrations of the inorganic cofactors
as a means of probing the existence and structure of early
intermediates formed during photoactivation prior to the rate-
limiting step.
We have overcome some of these limitations by develop-

ing an integrated Clark-type electrode and illumination cell
capable of high sensitivity, fast response time, versatile
control of the light and dark periods, and virtual elimination
of photoinhibition by wavelength and intensity selection
using LED illumination. Another key advance is the
development of a new chelator for extraction of Mn and Ca
which optimizes the photoactivation yield. We use these
new tools to kinetically resolve the first light-induced
intermediate in the photoactivation process and to reexamine
in more detail the stoichiometry of Mn atoms required for
assembly of the tetra-Mn cluster WOC.

MATERIALS AND METHODS

PSII-enriched membrane fragments were prepared from
market spinach using the method of Berthold et al. (1981)
with some minor modifications (Ghanotakis et al., 1984).
The samples (1 mg of Chl/mL) were frozen with 10%
glycerol in liquid nitrogen and stored at-196°C until they
were slowly thawed and washed once in a medium contain-
ing 300 mM sucrose, 35 mM NaCl, and 25 mMMES/NaOH
buffer (pH 6.0) (assay medium). The oxygen evolution rate
under continuous illumination (VO2) of the untreated PSII
membrane fragments with 0.8 mM K3FeCN6/1.2 mM DCBQ
as electron acceptors was 400-500 µmol of O2/(mg of
Chl‚h). The concentration of the RC PSII was measured
from the photoinduced absorption changes of Pheo at 685
nm with the extinction coefficientε ) 0.32× 105 M-1‚cm-1

(Klimov et al., 1982).
Manganese and calcium were removed from PSII mem-

branes (0.25-1.0 mg of Chl/mL) using the normal assay
medium along with 25-35 mM TPDBA and 1 mM ascor-
bate. Ascorbate decreases the concentration of TPDBA
needed for complete removal of Mn to a few millimolar. It
is removed by the washing procedure, and residual ascorbate
is oxidized by ferricyanide used in the buffer. Other diamino
derivative metal ion chelators were also used instead of
TPDBA at the following concentrations: 8-11 mM TMG,
10-15 mM TMDM, 15-20 mM TEMED (Ananyev et al.,
1992), or 60-80 mM THED. However, TPDBA provides
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both complete removal of calcium and manganese (residual
oxygen-evolving activity of apo-PSII is equal to zero) and
maximal photoactivation yield in comparison to all of these
diamino derivatives. It was necessary to optimize the
concentration of chelator individually for each PSII sample
to permit complete Mn extraction while the loss of the
photoactivation yield was minimized. This concentration
depends on the time of storage of the PSII membrane
fragments in liquid nitrogen (maximal time,∼1.5 month)
and, presumably, the residual detergent concentration. After
dark incubation in the chelator medium for 90 s at 20°C,
followed by rapid cooling to 2°C and an additional 5 min
of dark incubation, the PSII suspension was pelleted by
centrifugation for 4 min (14 000 rpm in an Eppendorf-type
centrifuge 5415). The pellet was washed three times and
resuspended in the assay medium at 250µg of Chl/mL (1
µM RC PSII).
Photoactivation and polarographic detection of O2 were

performed directly in a home-built microcell with 5µL
volume and a 0.3 mm sample thickness. The working
electrode was fabricated from an alloy of 75% Pt+ 25% Ir,
which ensures long term mechanical stability and chemical
resistance. The 4 mm diameter electrode surface was
polished to a bright reflective finish using a fine diamond
abrasive (size of particles,<1 µm) to achieve rapid response
and high sensitivity. The working electrode was covered
with a dimethylsilicone membrane (type MEM-100, Mem-
brane Product Co., U.S.A., or type FUM membrane, Russia)
with a thickness of 1-5 µm. This choice of membrane and
thickness in combination with the small sample volume and
electrode surface homogeneity allows for a faster response
time of 100 ms compared to about 1-3 s for the standard 5
µm Teflon membrane in commercial cells. The O2 sensitiv-
ity is generally a trade-off between membrane permeability
and response time.
A high-surface area, low-resistance Ag/AgCl reference

electrode was fabricated in the shape of a helix coil from
silver wire (0.4 mm in diameter and 40 cm in length) and
polarized for 5 min at+600 mV in 0.1 M HCl to create a
AgCl layer. The helix surrounded the Pt-Ir working
electrode and had an area 40 times greater. The difference
current signal between the reference and working electrodes
(immersed in 100 mM to 1.0 M KCl) was amplified. A
precision low-noise current-to-voltage converter (two op-
erational amplifiers OP 07, Analog Devices, U.S.A.) (Horo-
witz & Hill, 1993) with an input impedance of<10 Ω, an
input current conversion of 1 nA to output voltage 3.25 mV,
and a band width from 0 to 1000 Hz was fabricated directly
into the microcell to minimize environmental electromagnetic
interference. The output signal was further amplified 20-
100-fold using a commercial amplifier with adjustable high-
and low-frequency filters (model 113 Low-Noise AC-
Preamplifier, EG & G Princeton Applied Research Corp.,
U.S.A.). For the most sensitive measurements, the frequency
band width was restricted to the region from 0.3 to 3 Hz.
As a measure of sensitivity, the apparatus has a S/N ratio of
5/1 for detection of the O2 signal produced in untreated PSII
membranes at a concentration of 1µg of Chl/mL (4 nM
P680) by exposure to a series of saturating 4µs xenon
flashes. The sensitivity enables detection of∼5 × 10-14

mol of O2 per flash.
For both pulse and continuous illumination, the cell is

surrounded by one or four ultrabright LEDs with a wave-

length maximum of 660 nm (HLMP-8102, Hewlett-Packard,
U.S.A.). In the pulse mode of operation, flashes of 0.1-60
ms duration with intervening dark intervals from 100 ms to
10 s could be achieved. The light intensity was adjustable
between 0 and 8 mW/cm2 (0-20 mA current) and between
8 and 80 mW/cm2 (20-200 mA) for continuous and pulse
light regimes, respectively. Light intensities were measured
using a power/energy meter (model 362, Scientech, U.S.A.).

RESULTS

Kinetics of PhotoactiVation of TPDBA-Extracted PSII
Membranes. Figure 1A demostrates the time course for
recovery of O2 evolution in the presence of 8µM MnCl2
and 8 mM CaCl2 (top) and 8 mM CaCl2 and the absence of
Mn (middle) or Ca (bottom). All samples contain 1µM
P680 as PSII membranes and 0.8 mM K3FeCN6 as the
electron acceptor. Illumination is provided by a series of
light pulses (refer to Figure 3); about 300-450 pulses (12-
15 min pulse light illumination) are required to reach the
maximum yield of recovery of the O2 evolution rate,
symbolized asYss in all figures. The individual flashes are
not shown in the figure; only the envelope of the signal
response is plotted. AtYss, each flash produces a maximal
electrical current approximately 3.8 nA compared to the noise
which has an equivalent current of 5-20 pA. Hence, the
typical S/N ratio is 200-700. This value is critical for
measurement of the O2 yield at the initial step of photo-

FIGURE1: (A) Typical kinetics of the rate of recovery O2 evolution
by photoactivation in TPDBA-extracted BBY PSII membranes
using light pulses from the LED illumination source: (a) in the
presence of 8µM MnCl2 and 8 mM CaCl2, (b) only 8 mM CaCl2,
(c) only 8µM MnCl2. (B) Traces a′, b′, and c′ were obtained from
the samples in panel A (a, b, and c), respectively, by using
continuous red light illumination of saturating intensity after
photoactivation. Each sample was incubated in the dark for 20 s
after photoactivation by the pulse light. The TPDBA-extracted PSII
membranes (1µM P680) were suspended in assay medium [25
mM MES/NaOH (pH 6.0), 35 mM NaCl, 300 mM sucrose, and
0.8 mM K3FeCN6] and were dark adapted for 30 min at 20°C.
The photoactivation conditions were as follows:tlight ) 20 ms,
tdark ) 2 s, and light intensityIp ) 80 mW/cm2 and Ic ) 8 mW/
cm2 for pulse and continuous light illumination, respectively.
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activation. Yss does not decrease after 20-25 min of pulse
illumination, indicating insignificant photoinhibition follow-
ing photoactivation.
Figure 1B (top) shows that pulse light photoactivation of

PSII followed by subsequent illumination with continuous
red light immediately produces O2 at a rate 70 times greater
than theYss level or 30-35% of the untreated control PSII.
Thus,Yss corresponds to 0.2-0.3% of the O2 rate observed
using saturating continuous illumination in an untreated PSII
control. The ratioVO2/Yss ) 60-70 corresponds closely to
the ratio of time periods fortdark/tlight durations, as expected
assuming that the rate-limiting steps for electron transfer
under continuous and pulsed light excitation are the same.
In the absence of Mn2+ and/or Ca2+, no photoactivation

by pulse light excitation occurs (Figure 1A, traces a and b),
and only weak O2 uptake takes place under continuous
illumination (Figure 1B, traces b′ and c′). This result
confirms that all functional manganese was removed com-
pletely from the reaction medium. The slow O2 uptake signal
is suppressed under pulse light illumination by selection of
the low-frequency filter (0.3 Hz). The half-time,t1/2, for
photoactivation of TBPDA-extracted PSII is equal to 80-
150 s, or 2 times faster than that reported for standard
NH2OH-extracted PSII membranes using weak continuous
illumination with 1 mM MnCl2, 50 mM CaCl2, and 100µM
DCIP (Tamura & Cheniae, 1987a,b). In our apparatus, the
kinetics of photoactivation using 5 mM NH2OH-extracted
PSII membranes that were washed to remove excess NH2OH
also gave longert1/2 by at least 10%. However, the initial
level of O2 evolution present prior to photoactivation was
5-10% Vs 0% in TPDBA-extracted membranes (data not
shown). Elimination of this residual activity could be
achieved using higher concentrations of reductant, but with
a further increase int1/2 and loss inYss.
Figure 2 shows a semilogarithmic plot of the percent of

the inactive (but photoactivable) apo-PSII centersVs total
time of pulse light illumination. Like Tamura and Cheniae
(1987b), we assumed that the maximum photoactivation was
equivalent to complete conversion of the inactive apo-S-state
complex to the active S-state complex. We also assume that
at the initial moment of photoactivation all centers are
inactive. The sharp break in the curve shows that recovery
of O2 evolution is a biphasic process, with either two

sequential kinetic phases of different rates or two populations
of PSII centers having different rates. The slow initial phase
is seen only at limiting concentrations of added Mn and only
if the apo-PSII membranes have been completely depleted
of Mn from the WOC prior to photoactivation. It is essential
that the residual O2-evolving activity of the apo-PSII
membranes be less than 0.1-0.5% in order to reproducibly
observe the initial kinetic phase (slope 1). For this reason,
reductant-treated apo-PSII membranes are unsatisfactory for
observation of this initial phase. Figure 2 also shows that
addition of 5 times more Mn2+ (40µM) shifts the time where
the break between slope 1 and slope 2 occurs from 35-40
s (at 8µM Mn2+) to 10-12 s (at 40µM Mn2+).

Dependence of PhotoactiVation on Light and Dark Pulse
Times. Figure 3A illustrates the dependence of the finalVO2
observed after photoactivation is completed on the light pulse
duration used for photoactivation obtained at a fixed dark
interval of 2 s. Figure 3B gives the dependence ofVO2 on
the dark interval at a fixed light pulse duration of 40 ms. In
the both cases, O2 evolution under continuous illumination
is measured after pulse light photoactivation is complete and
Yss is attained. Figure 3A demonstrates that a rate of delivery
of photons either too rapidly or too slowly decreasesYss,
producing an optimum flash period of about 30-60 ms. At
flash durations shorter than 30 ms, there is a rapid drop in
photoactivation. This phase corresponds to a kinetic step
which requires a half-time of about 8-10 ms in order for
the next photon to be processed and advance toward
photoactivation. The descending phase above pulse durations
of 60 ms reveals a competing light dependent process which
has a half-time of about 300 ms to reduce photoactivation
yield by 50%. Figure 3B shows that maximumYss occurs
when the light pulses are separated by a dark interval of about
2-3 s, i.e. at a ratiotdark/tlight ) 55-70. These results are in
agreement with earlier conclusions about sequential light-
dark-light dependent steps in photoactivation [see reviews
by Radmer and Cheniae (1977), Tamura and Cheniae
(1987a,b), Ananyev et al. (1988b), and Miyao and Inoue
(1991)].

Figure 3C shows that the half-time for photoactivation
accelerates by about 4-fold from 250 to 60 s, whileYss
increases by about 3-fold when the duration of the light pulse
is increased fromtlight ) 10 to 180 ms. This suggests that
the descending part of Figure 3A above 60 mstlight can most
likely be explained by increased photoinhibition of the
reaction center photochemistry.

Effect of the Redox Potential of the Medium.We have
used ferricyanide as the electron acceptor for PSII because
of the following advantages. (a) It is possible to use
concentrations (0.8-1.2 mM K3FeCN6) that have sufficient
redox capacity for complete photoactivation. (b) Neither
ferricyanide nor the ferrocyanide reduction product interacts
with the intact WOC, nor do they interfere with the kinetics
of photoactivation.

Figure 4A shows the ferricyanide concentration depend-
ence of the maximum photoactivation yield. Below 100µM
K3FeCN6, a rapid decrease in photoactivation yield occurs
simply because an electron acceptor is required.Yssremains
flat in the region between 0.1 and 0.6 mM K3FeCN6 and
decreases slightly by 10-15% from 0.6 to 1.2 mM K3FeCN6.
Ferricyanide concentrations of 0.8 mM were routinely used
for the majority of our experiments.

FIGURE 2: Semilogarithmic plot of the percent of inactive centers
Vs integrated pulse light illumination time. Two plots for 40µM
(a) and 8µM Mn2+ (b) are given. The oxygen-evolving activity of
untreated PSII membranes was equal to 420µmol of O2/(mg of
Chl‚h) (100%) with 0.8 mM K3FeCN6 as the electron acceptor.
The assay conditions are the same as those in Figure 1.
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In Figure 4B, the redox potential was adjusted using a
variable ratio of K3FeCN6/K4FeCN6 at a fixed total concen-
tration of 1.2 mM. A maximum inYss activity is observed
when the medium reduction potential (Em) equals) 380 mV.
The ascending portion of the titration ofYss hasEm ) 330
mV, while the descending portion of the curve hasEm )
440 mV.
In Figure 4C, the half-time for recovery of photoactivation

is seen to slow from 120 to 330 s when the ratio K3FeCN6/
K4FeCN6 is decreased from 1.2/0 to 0.4/0.8, respectively.
The half-time is 330 s at the maximum of the midpoint

reduction potential curve where theEm ) 340 mV.
Figure 5a-c shows that the kinetics of photoactivation

using 50 µM DCIP as the electron acceptor instead of
ferricyanide are the same as with 50µM K3FeCN6, while
50 µM DCBQ, an effective acceptor in intact PSII mem-
branes, completely abolishes photoactivation. The latter
behavior has been noted before and attributed to deactivation
of intermediates of the Mn-tetrameric cluster by diffusible
semi- and dihydroquinone products (Klimov et al., 1987;
Miyao & Inoue, 1991).
The data in Figure 5d-f clearly indicate that addition of

50 µM DCIP or DCBQ as mediators of electron transport
together with 0.8 mM K3FeCN6 did not change the biphasic
kinetics of photoactivation but did increaseYss. The same
increase inYss is observed if DCBQ is added after photo-
activation is completed with ferricyanide alone and is greater
if steady-stateVO2 is measured. This behavior indicates that
DCBQ is simply acting as a faster electron acceptor than

FIGURE 3: Dependence of the maximal rate of O2 evolution (initial
VO2, examined under saturated continuous light illumination for 60
s) following photoactivation by pulse light illumination using (A)
variable duration light pulsestlight at fixed tdark ) 2 s, (B) variable
duration dark periodtdarkat fixedtlight ) 40 ms, and (C) dependence
on tlight (at fixed tdark ) 2 s) of the maximum steady-state level of
O2 evolution recovered by photoactivation (Yss) and the half-time
of photoactivation (t1/2). The insert illustrates the pulse light profile.
The measurement conditions were as follows: assay medium (pH
6.0), 8µM MnCl2, 10 mM CaCl2, 1.2 mM K3FeCN6, 250µg of
Chl per mL, andIp ) 80 mW/cm2. For other experimental details,
see Materials and Methods.

FIGURE 4: Dependence of the yield,Yss, and the half-time,t1/2, for
photoactivation on the redox potential of the medium. The
maximum of yieldYss(A) in the presence of different concentrations
of K3FeCN6 only and (B) in the presence of a mixture of K3FeCN6
+ K4FeCN6. (C) The dependence of the half-time on the ratio
K3FeCN6/K4FeCN6. The total concentration of K3FeCN6 + K4FeCN6
is constant at 1.2 mM in panels B and C.The assay conditions are
the same as those in Figure 1.
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ferricyanide but does not increase the fraction of photo-
activated centers of WOC.
Four Mn2+ Ions/PSII Are Required for PhotoactiVation.

Using TPDBA-extracted PSII membranes, we find that better
than 95% of theYss O2 evolution could be recovered with
4.0 Mn/P680 (Figure 6A). From the monophasic rising
portion of the titration curve, where the four Mn ions are
taken up, a single Michaelis constant for photoactivation is
evident withKM ) 2.6µM Mn2+. When only 2.0 Mn/P680
are present,Yss decreases to 38% of that observed with 4.0
Mn, while 3.0 Mn gives 74% of this rate. These data suggest
that each active WOC requires exactly 4 Mn for maximal
activity and that Mn uptake prior to attainment of the active
cluster is reversible and cooperative, such that partially
formed inactive clusters can disassemble and redistribute Mn
to form active tetranuclear clusters. The rate-limiting step
in photoactivation under these conditions involves a step
which follows the binding of 4.0 Mn/P680. Figure 6A also
reveals thatYss remains constant between 4 and 12 Mn/P680
and decreases above this concentration, with 50% loss
occurring near 40 Mn/P680.
Figure 6B reveals that addition of 2-40 Mn/P680 ac-

celerates the half-time for photoactivation fromt1/2 ) 1200
to 80 s, with two phases evident at intermediate concentra-
tions: a high-affinity subset (<5 Mn/P680) (Girardi &
Seibert, 1992), having the strongest differential influence on
acceleration of photoactivation, and a low-affinity subset,
having at least a 100-fold weaker influence (shallower slope)
on the rate of photoactivation. Analysis of the data suggests
two curves with exponential dependences on Mn concentra-
tion: an initial acceleration from 1 to 5 Mn/P680 and a
second phase from 8 to 40 Mn/P680. The initial slope of
t1/2 on Mn concentration can be analyzed as a power law
dependence in [Mn]n with n) 1.1-1.2 as the Mn concentra-
tion approaches zero. These data indicate that the rate-

limiting step in photoactivation (Figure 2, slope 2) requires
uptake of 1 Mn/RC.
From Figure 6A,B, we can conclude that exactly 4 atoms

of Mn are required for maximal recovery of O2 evolution,
while additional Mn2+ ions accelerate the rate of recovery
of O2 evolution but decrease the yield above 12 Mn/P680.
These two Mn concentration dependencies suggest two
distinct functions or different sites, or alternatively, this may
reflect sample heterogeneity. Note also that the 50% loss
of Yss evident in Figure 6A from 12 to 40 Mn atoms is not
associated with any kinetic limitations on assembly of the
active clusters and thus could reflect Mn2+ inhibition of fully
assembled active clusters or, alternatively, inhibition of
electron transport at another site. The apparent inhibition
constant for Mn2+ at this site is∼40 µM.

DISCUSSION

Four Mn Are Required for PhotoactiVation. The complete
removal of all Mn from the PSII membranes proved to be
an essential requirement for observation of both reliable Mn
binding stoichiometry (Figure 6) and the resolution of the
new kinetic phase (Figure 2). Manganese extraction by
chelation with TPDBA proved to be the most reliable method
for this purpose. A comparison of several chelators for
extraction of the inorganic cofactors and for photoactivation
will be the subject of a separate paper.
The new microcell, at a standard concentration of 250µg

of Chl/mL, permits detection of less than 1/250 molecules
of O2 per single turnover flash at a S/N ratio of 5/1, enabling
detection of O2 at∼5× 10-14 mol or∼3× 1010 molecules
of O2 per flash seen in the photoactivated sample. The use

FIGURE 5: Effect of electron acceptors on the time course kinetics
of photoactivation: (a) 50µM DCIP, (b) 50µM K3FeCN6, (c) 50
µM DCBQ, (d) 0.8 mM K3FeCN6, (e) a mixture of 50µM DCIP
+ 0.8 mM K3FeCN6, (f) a mixture of 50µM DCBQ + 0.8 mM
K3FeCN6. The assay contained 8µM Mn2+, 10 mM CaCl2, and
250 µg of Chl per mL.The conditions of pulse light illumination
are as follows:tlight ) 30 ms,tdark ) 2 s. FIGURE 6: Dependence of the yield,Yss, (A), and the half-time,t1/2

(B) for photoactivation in TPDBA-extracted PSII membrane
fragments on the concentration of added MnCl2. The conditions
for pulse light photoactivation are the same as those in Figure 1.
For other experimental details, see Materials and Methods.
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of an AC-coupled amplifier capable of both low- and high-
frequency filtering between 0.3 and 3 Hz allows discrimina-
tion between rapid flash artifacts which exceed the response
time of the electrode and slower base line changes which
arise from O2 uptake. The latter signal is small and can be
seen using continuous illumination (Figure 1B, lines b′ and
c′), while it is absent using pulse light excitation and filtering
(Figure 1A, lines b and c).

Using this improvement in sensitivity, the titration experi-
ment in Figure 6 demonstrates that precisely 4.0 Mn2+ ions
are required for maximal recovery of photoactivation. These
data offer a direct and accurate link between Mn stoichi-
ometry and water oxidation, compared to Mn stoichiometry
based on the number of Mn atoms bound to or released from
PSII membranes (Callahan & Cheniae, 1985; Sivaraja &
Dismukes, 1988; Sivaraja et al., 1988; Cheniae & Martin,
1971, 1972; Pauly & Witt, 1992).

Moreover, on the basis of the observation in Figure 6A
showing a single Michaelis constant for the steady-state
photoactivation process (KM ) 2.6µM Mn2+), we conclude
that the assembly process allows rapid exchange (compared
to t1/2) between partially assembled clusters and cooperative
uptake of the 4 Mn2+ ions. This behavior supports a model
in which binding and photooxidation of each Mn2+ ion leads
to formation of a higher-affinity site for the next Mn2+ ion.
Such a model predicts that new ligands are formed either
by protein conformational changes or by coupled proton
ionization to yieldµ-hydroxide orµ-oxo ligands (eq I):

A New Kinetic Intermediate.Earlier studies have predicted
the existence of sequential Mn dependent photooxidation
steps separated by a dark step, on the basis of flash
experiments like those in Figure 3 (Tamura & Cheniae,
1987a,b; Ananyev et al., 1988b). The data in Figure 2 reveal
the first direct kinetic evidence for an intermediate prior to
the steady-state rate-limiting step in photoactivation. The
inability to detect the initial pre-steady-state intermediate in
the earlier studies appears to be due to either or all of the
following factors: the lack of complete Mn extraction, the
need to use much higher Mn concentrations for maximal
photoactivation (∼1000 µM Mn2+), and the presence of
residual hydroxylamine or Tris free base used for prereduc-
tion and extraction of Mn from the WOC (Cheniae & Martin,
1978; Miller & Brudvig, 1989; Tamura & Cheniae, 1987a,b;
Blubaugh & Cheniae, 1990).

The disappearance of the initial kinetic phase with increas-
ing Mn concentration in the medium (Figure 2) is strong
evidence supporting a model in which there are two kinetic
phases in sequence for all PSII centers, rather than two
populations of centers with different rates of photoactivation.
This behavior was seen with all samples for which Mn is
completely removed. The slower rate of the initial phase
compared to the second phase indicates that it involves
formation of a pre-steady-state intermediate and not the rate-
limiting step under steady-state conditions. A detailed study
of the break point, the initial slope, and the steady-state slope
on Mn2+ and Ca2+ concentrations will be examined in a
forthcoming study.

Effects of the Light-Dark Pulse Duration on Photoacti-
Vation Yield. The effects of repetitive single (Radmer &
Cheniae, 1971; Tamura & Cheniae, 1987a,b; Miyao & Inoue,
1991) and repetitive double (Ananyev et al., 1988b) xenon
flashes at variable intervals on the yield of photoactivation
were reported previously. Our data (Figure 3A,B) confirm
the requirements for sequential light-dark-light steps during
photoactivation.

A possible explanation for the rise time of 8-10 ms seen
in Figure 3A could be that there is an insufficient number
of photons to ensure saturation of all PSII centers, since
double flash experiments with a xenon lamp showed a rise
time of 250µs (Ananyev et al., 1988b). This conclusion is
in agreement with the time (τ ∼ 250µs) of uniform turnover
of PSII (Kok et al., 1970; Zankel, 1973). The descending
phase oft1/2 > 300 ms in Figure 3A has been previously
attributed to photoinhibition that occurs in the absence of
an electron donor in Mn-depleted PSII membranes (Klimov
et al., 1990a,b; Blubaugh & Cheniae, 1990).

The optimal dark period between single repetitive flashes
is absolutely essential for photoactivation (Tamura &
Cheniae, 1987a,b; Klimov et al., 1987; Ananyev et al.,
1988a,b; Miyao & Inoue, 1991). Our experiments made with
TPDBA-treated PSII membranes in the presence of 8µM
Mn2+, 8 mM CaCl2, and 0.8 mM K3FeCN6 show that a dark
period shorter thant1/2 ∼ 0.5 s and longer thant1/2 ∼ 6 s
leads to decreases inYss. Thus, an unstable intermediate is
produced which has a half-life approximately 4-6 times
longer than that found in NH2OH-treated PSII membranes
in the presence of 100µM DCIP (Tamura & Cheniae,
1987a,b).

Redox Potential of Medium.In the present study, we have
found that the yield and rate of photoactivation show a strong
dependence on the reduction potential of the medium using
the ferri-/ferrocyanide couple. As shown in Figure 4B,C,
an increase in the ratio of K3FeCN6 to K4FeCN6 markedly
increasedYss and delayedt1/2 with break points at a ratio of
2/1 and 1/2, respectively. However, the initial lag-phase
(slope 1 in Figure 2) is independent of the electron acceptors
used (Figure 5). Thus, in contrast to electron donors such
as H2O2, DPC, NH2OH, NH2NH2, and DCIPH2 (Miyao &
Inoue, 1991; Blubaugh & Cheniae, 1992), ferrocyanide (C
< 0.5 mM) does not disrupt the process of photoactivation.
We suggest that the effect of reduction potential of the
medium is due to (1) elimination of charge recombination
between Yz+ and electron acceptors or donors, possibly
cytochromeb559 [see the effect of K4FeCN6 on photoinduc-
ible signal II (Babcock & Sauer, 1975; Yuasa et al., 1983)];
(2) stabilization of intermediate(s) in the assembly process
by elimination of contamination by nonfunctional Mn3+

surrounding the active site of the WOC (Chen et al., 1995);
and (3) elimination of photoinhibition by protection of apo-
PSII against photobleaching of carotenoids (Klimov et al.,
1990a,b).
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