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ABSTRACT: Two new intermediates are described which form in the dark as precursors to the light-induced
assembly of the photosynthetic water oxidation complex (WOC) from the inorganic components. Mn2+

binds to the apo-WOC-PSII protein in the absence of calcium at a high-affinity site. By using a
hydrophobic chelator to remove Mn2+ and Ca2+ from the WOC and nonspecific Fe3+, a new EPR signal
becomes visible upon binding of Mn2+ to this site, characterized by six-line55Mn hyperfine structure
(∆Hpp ) 96( 1 G) and effectiveg ) 8.3. These features indicate a high-spin electronic ground state (S
) 5/2) for Mn2+ and a strong ligand field with large anisotropy. This signal is eliminated if excess Ca2+

or Mg2+ is present. A second Mn2+ EPR signal forms in place of this signal upon addition of Ca2+ in the
dark. The yield of this Ca-induced Mn signal is optimum at a ratio of 2 Mn/PSII, and saturates with
increasing [Ca2+] g 8 mM, exhibiting a calcium dissociation constant ofKD ) 1.4 mM. The EPR signal
of the Ca-induced Mn center at 25 K is asymmetric with majorg value of≈2.04 (∆Hpp ) 380 G) and
a shoulder nearg ≈ 3.1. It also exhibits resolved55Mn hyperfine splitting with separation∆Hpp ) 42-
45 G. These spectral features are diagnostic of a variety of weakly interacting Mn2(II,II) pairs with
electronic spins that are magnetic dipolar coupled in the range of intermanganese separations 4.1( 0.4
Å, and commonly associated with one or two carboxylate bridges. The calcium requirement for induction
of the Mn2(II,II) signal matches the value observed for steady-state O2 evolution (Michaelis constant,KM

≈ 1.4 mM), and for light-induced assembly of the WOC by photoactivation. The Ca-induced Mn2(II,II)
center is a more efficient electron donor to the photooxidized tyrosine radical, TyrZ

+, than is the mononuclear
Mn center present in the absence of Ca2+. The Ca-induced Mn2(II,II) signal serves as a precursor for
photoactivation of the functional WOC and is abolished by the presence of Mg2+. Formation of the
Mn2(II,II) EPR signal by addition of Ca2+ correlates with reduction of flash-induced catalase activity,
indicating that calcium modulates the accessibility or reactivity of the Mn2(II,II) core with H2O2. We
propose that calcium organizes the binding site for Mn ions in the apo-WOC protein and may even interact
directly with the Mn2(II,II) pair via solvent or protein-derived bridging ligands.

The atomic structure of the manganese and calcium sites
of the photosynthetic water oxidation complex (WOC)1

required for water oxidation and oxygen evolution remain
unsolved puzzles of the PSII protein complex. Structural
and functional clues have come from a number of different
sources. There is a wide agreement on the presence of four
Mn/WOC in the functional enzyme, although the number
varies with the type of preparation and its source [for a
review see Debus (1992) and Britt (1996)]. Recently, it has
been found from titration studies that precisely 4.0 Mn/RC

PSII bind cooperatively to the apo-WOC with restoration of
O2 evolution activity during the process of photoactivation
(Ananyev & Dismukes, 1995, 1996a). Also, the “multiline”
EPR signals atg ) 2 (MLS) found in the S2 state of intact
WOC are now generally accepted as due to55Mn hyperfine
coupling minimally within a tetramanganese core (Dismukes,
1991; dePaula et al., 1986; Bonvoisin et al., 1992; Kusunoki,
1992; Yachandra et al., 1996), although see Ahrling and Pace
(1995). EPR spectral simulations support a stoichiometry
of four Mn ions and further identify the responsible oxidation
states as Mn(III) and Mn(IV) (Bonvoisin et al., 1992; Zheng
& Dismukes, 1996; Kusunoki, 1992; Randall et al., 1995).

A different EPR signal forms atg ) 4.1 in place of the
MLS in samples treated by various reversible methods that
produce an altered S2 configuration (Casey & Sauer, 1984;
Zimmermann & Rutherford, 1984, 1986). This spectral form
is now known to arise from near-infrared illumination of the
S2 MLS state, possibly by direct absorption by the WOC
(Boussac et al., 1996) and also by chloride depletion or Cl-

S F- exchange. The signal has been suggested to arise from
a single Mn(IV) ion that is uncoupled from the original Mn
tetramer (Lei & Kramer, 1988), a Mn tetramer (dePaula &
Brudvig, 1985) or possibly a rhombic Mn(II) monomer or
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spin-coupled Mn multimer (Haddy et al., 1992). The line
shape of theg) 4.1 signal in ammonia-treated PSII samples
that are oriented on mylar sheets exhibits resolved Mn
hyperfine splitting consistent with at least a dinuclear Mn
origin (Kim et al., 1990). Recently, Smith and Pace (1996)
identified two forms of theg ) 4.1 signal that were similar
in shape at X-band but showed different line shapes at
Q-band. The authors suggested that the four Mn ions are
arranged as two exchange-coupled pairs and that eachg )
4.1 signal arises from a separate Mn dimer.
Washing of the intact WOC with concentrated salt

solutions such as CaCl2 releases the 33, 23, and 17 kDa
extrinsic WOC proteins [Ono & Inoue, 1983; Murata et al.,
1984; Ghanotakis et al., 1984; for a review see Yocum (1991)
and Debus (1992)]. Subsequent incubation of these protein-
depleted PSII samples leads initially to the release of two of
the four Mn ion, interpreted to suggest the presence of two
pairs of Mn ions with different chemical affinities [Ono &
Inoue, 1983, 1984; Mavankal et al., 1986; for an additional
information see Riggs-Gelasco et al. 1996)].
There is much controversy about the proximity of Ca2+

to the tetra-Mn cluster. The most extensive information on
the organization of the Mn and Ca ions comes from Mn
X-ray absorption studies (XAS) by Klein and co-workers
(Sauer et al., 1992; Guiles et al., 1990; Yachandra, 1996),
George et al., (1989), Penner-Hahn and co-workers (1990),
Riggs-Gelasco et al., (1995), Prince et al., (1990) and
Kusunoki et al., (1990). The first shell of heavy atom
scattering has been assigned to 1.2( 0.2 Mn (or possibly
Mn and Ca) at 2.7 Å. The identity of the 3.3 Å scattering
peak is more controversial. It has been proposed to be due
to Ca scattering (0.5-1 atoms) (Yachandra et al., 1996), not
to Ca scattering, (Hatch et al., 1995), or to some combination
of Mn and light atom scatters (Riggs-Gelasco et al., 1996).
According to the Mn EXAFS studies, there is no significant
change in the 3.3 Å shell after replacement of Ca2+ with
Sr2+, Dy3+, or La3+, which has been partly attributed to a
Mn-Ca interaction (Yachandra et al., 1993; Riggs-Gelasco
et al., 1995). Moreover, Tb3+ can displace Ca2+ from its
binding site in the WOC without prior depletion of the cation
or loss of turnover to produce the S2 state. Yet, it produces
no change in the Mn EXAFS, indicating that calcium should
be located no closer than 3.6 Å (Hatch et al., 1995). The
EXAFS-derived structural model for the{Mn4} core that has
emerged from these studies is comprised minimally of two
di-µ-oxo dimers (dimer-of-dimers) coupled via a mono-µ-
oxo bridge to form a tetra-Mn cluster. Other geometries have
been proposed that are also compatible (Yachandra et al.,
1996).
Other lines of evidence have supported an interaction

between the{Mn4} cluster and Ca2+, either by direct
interaction or mediated by the protein. This have been
suggested by transformation of the MLS upon Ca2+ removal
(Boussac & Rutherford, 1988; Boussac et al., 1989; Sivaraja
et al., 1989), replacement of Ca2+ by Sr2+ (Boussac &
Rutherford, 1988) and by FTIR spectroscopy (Noguchi et
al., 1995).
Competition between Mn2+ and other cations, including

Ca2+, Mg2+ and Na+, during assembly of the WOC by
photoactivation has been noted previously in earlier results
[Ono & Inoue, 1983; Miller & Brudvig, 1989; for a review
see Yocum (1991)]. Divalent cations suppress reoxidation
of reduced exogenous electron acceptors like DCIP by Mn3+

formed during photoactivation with the following hierar-
chy: Ca2+ > Sr2+ > Ba2+ . Mg2+ (Tamura & Cheniae,
1988). This result suggests that calcium and possibly the
heavier alkaline earth ions interact with an early photoproduct
in the photoactivation process to kinetically or thermody-
namically stabilize it against reduction by exogenous reduc-
tants. Evidence from thermoluminescence has shown that
calcium depletion of the intact WOC stabilizes the WOC
against reduction by QA- in the S2 state (Ono & Inoue, 1989).
These data are consistent with the “gatekeeper” role for Ca2+

that has been proposed in protecting the{Mn4} cluster via
limiting the accessibility of solvent to no more than the two
essential substrate water molecules (Tso et al., 1991; Dis-
mukes et al., 1994). It is also known that photoxidation of
a protein residue, most probably TyrZ, (Gilchrist et al., 1995;
Britt, 1996) can be induced on the S2 w S3 transition in
samples having the normal Cl- cofactor removed or replaced
by F-, even without prior removal of Ca2+ (Baumgarten et
al., 1990). This result suggests that Ca2+ and Cl- have
locations within the WOC that are somehow linked through
a common influence on the TyrZ S {Mn4} interactions.
New insights concerning the structure of the WOC have

come from recent studies of photoactivation. Using EPR
spectroscopy, equilibrium binding studies have found evi-
dence for the binding of two Mn(II) ions in the dark to the
apo-WOC to form a spin-coupled binuclear Mn2(II,II) pair
that can be oxidized by TyrZ+ and can be competed against
by other divalent cations (Ananyev & Dismukes, 1995). Also,
kinetic analysis of the individual steps of photoactivation
showed that at Mn2+ concentrations below the dissociation
constant for binding, formation of the first intermediate (IM1)
involves ligation and photooxidation of a single Mn2+ ion
to the apo-WOC (Zaltsman et al., 1997). The following step
involves binding of 1 Ca2+ in the dark and is the slowest
step in photoactivation. This critical step triggers a confor-
mational change in the PSII protein which allows the binding
and stable photoxidation of a second Mn2+ ion (Ananyev &
Dismukes, 1996a,b). The chemical structures of intermedi-
ates involved in the reaction of Mn2+ with apo-WOC-PSII,
depicted as 4Mn2+ + apo-WOC-PSIIw IM1...IMX w {Mn4},
are unknown.
The present paper addresses this question by revealing

conditions which allow the trapping of significant fractions
of PSII centers having these intermediates or their precursors
present as the dominant equilibrium species. We show that
two Mn(II) ions bind in close proximity to form a binuclear
Mn2(II,II) core, and that calcium is required for assembly
of this spin-coupled Mn2(II,II) pair.

MATERIALS AND METHODS

PSII enriched membrane fragments, BBY, were prepared
from spinach with a 20:1 of Chl:Triton X-100 ratio (Berthold
et al., 1981). Samples at 1 mg of Chl/mL were stored in
10% glycerol at 77 K until they were slowly thawed and
washed once in an assay medium containing 300 mM
sucrose, 35 mM NaCl, 25 mM MES/NaOH, pH 6.0 buffer.
The oxygen evolution rate was 400-500µmol of O2/mg of
Chl‚h under saturated continuous illumination of the un-
treated PSII membrane fragments with 0.8 mM K3FeCN6/
1.2 mM DCBQ as electron acceptors.
Manganese and calcium were removed from PSII mem-

brane fragments at 1.0 mg of Chl/mL using the normal assay
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medium along with 25-35 mM chelator TPDBA and 1 mM
ascorbate, as described earlier (Ananyev & Dismukes, 1995;
1996a). The chelator TPDBA is a bifunctional hydrophobic
poly(aminocarboxylate) derivative, (-OOCsCH2sCH2)2d
NsCH2sC6H4sCH2sNd(CH2sCH2sCOO-)2. Each sam-
ple of apo-WOC-PSII membrane fragments (BBY mem-
brane fragments after TPDBA treatment) was tested for
activity in photoactivation of O2 evolution as described
elsewhere (Ananyev & Dismukes, 1995, 1996a). TPDBA
treatment does not remove Chl from PSII membranes (i.e.,
there is no removal of Mg2+ which leads to release of Chl
as pheophytin). Concentration of the RC PSII was measured
from the photoinduced absorption changes of Pheo at 685
nm with extinction coefficientε ) 0.32× 105 M-1 cm-1

(Klimov et al., 1982). The residual contamination of Ca2+

in apo-WOC-PSII was determined by optical absorption
spectroscopy of the Ca2+ -arsenazo III complex (sensitivity
e1 µM, KD ) 60 µM, and Mg2+ artifact at 20 mM) and
titration of optical changes at 595 nm by EDTA (Scarpa,
1979). The typical untreated PSII membranes (control
samples) and chelator-treated apo-WOC-PSII membranes
have residual Ca2+ concentration of 10-15 atoms of Ca2+/
RC PSII and less than 1 atom of Ca2+/RC PSII, respectively.
Light-induced catalase activity was assayed in a home-

built Clark-type O2 microcell covered with a silicone
membrane and loaded with 10 mM H2O2 in 25 mM MES-
NaOH buffer, pH 6.0; 250µg of Chl/mL. Sodium azide
(0.2 mM) was added to the assay medium to inhibit the
heme-iron catalase activity of PSII (Mano et al., 1987). This
concentration of NaN3 was ineffective for inhibition of
photoactivation of O2 evolution (YSS) at pulse-light illumina-
tion. The amplified signal from a precision low-noise
current-to-voltage converter and amplifier with adjustable
high- and low-frequency filters (model 113 Low-Noise
preamplifier, EG&G Princeton Applied Research Corp.,
U.S.A.) was digitized by using a 12-bit data acquisition
interface (WinDaq DI-200 data acquisition) and waveform
analysis software for Windows.
The EPR samples were always prepared using dark-

incubated (2 h), active (in photoactivation) apo-WOC-PSII
membranes at 1 mg of Chl/mL. Concentrated PSII mem-
branes (15 mg of Chl/mL) were collected by centrifugation
at 15 000g for 4 min and transferred into the bottom of a
sealed quartz tube (inner diameter 3 mm) using a special
Teflon tube adapter equipped with a nylon piston. Continu-
ous wave EPR spectra were obtained at 9.26 GHz on Bruker
ESP 300 spectrometer operating with TE102 rectangular cavity
with quality factor QL ) 8000 loaded by a sample as
described elsewhere (Ananyev & Dismukes, 1995).
Illumination of samples was performed directly in the EPR

resonator equipped with eight ultrabright red LED’s operated
in pulse-light mode (model HPLM 8102 Hewlett Packard).
For titration of TyrZ+ by exogenous Mn2+, we used a home-
built illuminator to photogenerate TyrZ+ outside of the EPR
resonator. It was fabricated using 24 ultrabright red LED’s
operated in pulse-light mode and arranged symmetrically
around a standard quartz EPR tube that was rotated (2
revolution/s) prior to rapid quenching to≈200 K in a bath
of methanol/dry ice.

RESULTS

EPR Signal at g≈ 8.3 from a Monomeric Mn(II)-Apo-
WOC-PSII Center. The chelator treatment of PSII mem-

branes with TPDBA yields apo-WOC-PSII membranes
devoid of all manganese and calcium ions required for the
expression of WOC activity (Ananyev & Dismukes, 1996a).
Figures 1a-c illustrates a portion of the EPR spectra of apo-
WOC-PSII membranes in the absence or in the presence
of 3 Mn2+/RC added to the medium and recorded in the dark
either before or after illumination at 77 K, respectively. The
chelator treatment has an additional benefit in that it also
removes the EPR signals due to minor contaminating residue
of cytochromeb6, which contains a high-spin heme iron in
the region ofg ) 6-6.5. The spectral features in Figure 1
at gz ≈ 2.96 andgy ≈ 2.28 arise from low potential
cytochromeb559 (LP), while the peak atg ∼ 4.3 is due to
residual contaminating high-spin ferric iron (S) 5/2) that is
often found in protein samples. It is noticeable that 30-35
mM TPDBA treatment results in a 16-fold drop in theg ≈
4.3 signal of this non-heme iron. EPR reveals that there are
no changes in either of these signals upon illumination at

FIGURE1: EPR spectra of apo-WOC-PSII in the presence of three
atoms of Mn2+/RC: (a) apo-WOC-PSII with no Mn2+; (b) apo-
WOC-PSII with 3 Mn2+, dark incubation for 10 min before
freezing of the sample; (c) apo-WOC-PSII with 3 Mn2+ was then
illuminated directly inside EPR resonator at 77 K for 5 min; (d)
difference between the dark-adapted and illuminated spectra (c
minusb). Inset shows a 5-fold multiplication of the regiong≈ 8.3
of six-line signal spectrum (bminus a) by re-recording. Assay
conditions: apo-WOC-PSII membranes were extracted with 35 mM
TPDBA/25 mMMES/NaOH buffer (pH 6.0)/300 mM sucrose. The
EPR samples were prepared with photoactivable apo-WOC-PSII
membranes that were incubated in the dark for 2 h at 4°C. EPR
conditions: microwave frequency, 9.26 GHz; modulation frequency,
100 kHz; microwave power, 6 dB (51 mW); modulation amplitude,
5 G; sweep time 42 s; each spectrum is an average of 100 scans.
Measurements were done at 25 K.
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77 K. The chelator treatment was found to transform the
high potential cytochromeb559HP to theb559LP form, which
results in the absence of a light-induced cytochromeb559
signal as the LP form is entirely oxidized by air in the dark.
These signals are well understood [for review see Miller and
Brudvig (1991)]. The spectrum of apo-WOC-PSII with
added Mn2+ (Figure 1b; also, see inset) exhibits a previously
unreportedset of hyperfine features centered at g≈ 8.3 that
is not found in the apo-WOC-PSII sample (Figure 1a). The
average spacing of∆Hpp ) 94-97 G identifies this feature
as due to Mn2+, while the large apparentg-value indicates a
site with a relatively strong ligand field with symmetry lower
than cubic type (axial or lower). The EPR signal of the LP
form of cytochromeb559 at g ) 2.96 can be used for a
comparison of signal intensities (1 cytochromeb559/RC). The
spectral region nearg≈ 2 is not shown because this region
includes contributions from unbound Mn2+. A figure has
been included in the Supporting Information (Figure S1)
illustrating the spectrum of apo-WOC-PSII in the presence
and absence of added Mn2+. The six-line signal atg≈ 8.3
represents only a small fraction of the Mn in the sample.
Illumination at 77 K (Figure 1c and light minus dark

spectrum 1d) does not bleach the mononuclear Mn2+ signal
atg≈ 8.3 but does produce small reproducible light-induced
changes observable in the range 2100-2900 G. The
presence of excess divalent cations like Ca2+ or Mg2+ (10-
20 mM), as well as more than 3 Mn2+ atoms/RC, abolish
the six-line signal atg≈ 8.3 (spectra not shown). This signal
is associated with a mononuclear form of Mn2+ that is bound
to apo-WOC-PSII. The disappearance of the mononuclear
Mn2+ signal as the divalent cation concentration is increased
could be due to several possibilities. It may disappear
because of the interaction with one or more additional Mn2+

ions, either magnetically, as might occur in a spin-coupled
pair, or because of the changing of the binding site as might
occur if the protein conformation changes upon binding of
additional divalent cations. To investigate the origin of the
disappearance of the mononuclear signal atg ≈ 8.3 upon
the presence of Ca2+ or Mg2+, we examined the spectral
region aroundg ≈ 2 where Mn2+, associated with more
symmetrical weak ligand fields, can be observed.
Calcium Induces Binding of a Spin-Coupled Dimanganese-

(II,II) Center to Apo-WOC-PSII. Figure 2 illustrates the
EPR signals for apo-WOC-PSII in the presence of 2 Mn2+/
RC added to the medium. Either 10 mM CaCl2 (a) or 10
mM MgCl2 (b) were used. The results show that calcium
induces formation of a PSII conformation that can interact
with Mn2+ to yield a different EPR signal than does Mg2+-
treated apo-WOC. The difference spectrum given in Figure
2c reveals the signal arising from Mn2+, which binds to apo-
WOC-PSII in the presence of calcium relative to magnesium
in the medium. This difference spectrum reveals a broad
signal centered nearg≈ 2.04 (∆Hpp ) 380( 10 G) with a
shoulder nearg ≈ 3.1. Resolved structure can also be
observed on this signal at higher gain. In order to isolate
this structure, we subtracted from the original difference
spectrum (c) the same spectrum after digital filtering
(smoothing) which removes the high frequency components.
This double difference spectrum is shown in Figure 2d and
reveals a series of at least 11 or more lines with average
splitting∆Hpp ) 42-45 G. This structure is consistent with
the spin-allowed55Mn hyperfine transitions that are widely
found in spin-coupled dimanganese(II,II) centers (Antanaitis

et al., 1987; Mathur et al., 1987; Khangulov et al., 1995;
Adams et al., 1995).
Figure 3 shows the dependence on CaCl2 concentration

in the medium for induction of Mn2+ binding to apo-WOC-
PSII, plotted as the peak-to-peak amplitude of the 380
G-wide EPR signal from Figure 2c. The samples contain 2
Mn2+/RC added to apo-WOC-PSII. Saturation of Mn2+

FIGURE 2: EPR spectra illustrating the effect of Ca2+ and Mg2+

on the binding of 2 atoms of Mn(II)/RC to apo-WOC-PSII in the
dark: (a) 10 mM CaCl2/40 mM NaCl, (b) 10 mM MgCl2/40 mM
NaCl; (c) spectrum obtained by subtraction (aminusb); (d) the
difference between original spectrum c and a smoothed spectrum
c obtained by digital filtering to remove high-frequency components.
(Inset) Expansion of∆Hpp ) 42-45 G HF structure from d.
Incubation time before freezing was 60 min. The assay and EPR
conditions were as in Figure 1. Measurements were done at 25 K.

FIGURE3: Titration of apo-WOC-PSII membranes in the presence
of 2 Mn(II)/RC by CaCl2. Free Mn2+ and Ca2+ were removed by
35 mM bifunctional chelator TPDBA treatment. The amplitude of
the broad EPR signal with peak-to-peak separation of 380( 10 G
(see Figure 2) was plotted as a function of Ca2+ concentration. For
other experimental details, see the Materials and Methods section
and Figure 1 legend.

Dimanganese Precursor to the Active Site of the WOC of PSII Biochemistry, Vol. 36, No. 38, 199711345



binding occurs atca. 10 mM CaCl2, with an apparent
dissociation constant for Ca2+ induction of the Mn2+ EPR
signal of 1.4 mM (see Figure 3). This calcium dissociation
constant has the same value as the one found for the
Michaelis constant for calcium activation of O2 evolution
[reviewed by Yocum (1991) and Debus (1992)]. In addition,
the Michaelis constant for calcium induction of binding and
photooxidation of the second Mn2+ ion is required during
assembly of the WOC by photoactivation of O2 evolution
(Zaltsman et al., 1997).
Apo-WOC-PSII membranes will also bind Mn2+ ions

with low affinity to nonspecific sites if high concentrations
of MnCl2 are used well above stoichiometric levels and in
the absence of other divalent ions. This binding is easily
monitored by EPR as the appearance of a strong six-line
signal atg ≈ 2 from bound or trapped Mn2+ that is not
released by repeated washing in buffers lacking salts (Figure
4a). However, this signal is readily abolished by excess
divalent cations like Ca2+ or Mg2+ with equal effectiveness
on a single wash (Figure 4b). This effect is due to the release
of Mn2+ instead of an ionic strength effect on signal
amplitude. Calcium has been previously found to prevent
or reverse the binding of this low affinity nonfunctional
Mng2+ (Chen et al., 1995).
TyrZ+ Oxidizes the Calcium-Induced Mn2II Core in PSII

with a Higher Quantum Yield than the High-Affinity Mn(II)
Site. Previous studies have shown that TyrZ

+ oxidizes Mn-
(II) at a high-affinity site on apo-WOC-PSII (Klimov et
al., 1982; Hoganson et al., 1989; Blubaugh & Cheniae, 1992).

To determine if the calcium-induced Mn2(II,II) core of PSII
could act as a functional electron donor to TyrZ

+ we
examined the yield of the light-induced TyrZ

+ EPR signal
as a function of the number of Mn2+ per RC PSII, as shown
in Figure 5. The calcium concentration and conditions (other
than Mn2+ concentration) were fixed to optimize formation
of the dark Mn2II-PSII center (Figure 2c). The sample was
illuminated at 293 K and quickly frozen after the last flash
in a series of flashes as described in the legend. The flashes
were chosen so that they produce the maximum conversion
to the first light-induced intermediate formed during pho-
toactivation at room temperature, i.e., stopped at the end of
the kinetic lag phase in recovery of O2 production and prior
to formation of the second photooxidized intermediate
(Ananyev & Dismukes, 1996a; Zaltsman et al., 1997). Under
these conditions, the amplitude of the flash-induced TyrZ

+

signal strongly depends on the number of added Mn2+ ions
per RC. As shown in Figure 5, in the presence of one Mn2+/
RC, there is a small loss in the TyrZ

+ signal in comparison
with the sample where no Mn2+ is added (less than 5%).
However, addition of only two Mn2+/RC decreases the
amplitude to 35% of the initial TyrZ+ signal, while further
increase in Mn2+ concentration to 3 Mn/RC causes a smaller
decrease by less than 10%. Further addition of Mn does
not produce more effective reduction of TyrZ

+. This decrease
in the light-induced yield of TyrZ+ in the presence of two
Mn2+ occurs only if Ca2+ is present at concentrations which
produce the spin-coupled Mn2(II,II) signal atg) 2.04. The
samples contain no exogenous electron acceptor such that
the number of photolytic turnovers is limited by the residual
plastoquinone pool. These results indicate that the quantum
yield for reduction of photooxidized TyrZ+ by added Mn2+

is greatly increased upon binding of a second ion of Mn2+,
at calcium concentrations which optimize formation in the
dark of the spin-coupled Mn2II-PSII core.
These results are supported by earlier work by Klimov et

al. (1982), who showed that a maximum yield in variable

FIGURE 4: Effect of 10 mM CaCl2 washing on the dark ligation of
added Mn(II) with apo-WOC-PSII membranes: (a) apo-WOC-PSII
membranes (1 mg of Chl/mL) were incubated with 250µMMnCl2
and washed 3 times (centrifugation at 14000g, 4 min) in an excess
of the assay medium containing no Mn2+ or Ca2+; (b) sample was
prepared identically to a except that 10 mM CaCl2 was added to
the assay medium prior to the second centrifugation and after
removal of unbound Mn(II) on the first centrifugation/washing
cycle. The sample was washed/centrifuged a third time in the assay
medium without Mn2+ or Ca2+. Assay medium contains: 300 mM
sucrose, 35 mM NaCl, 25 mM MES/NaOH, pH 6.0 buffer. EPR
conditions: microwave frequency, 9.26 GHz; modulation frequency,
100 kHz; microwave power, 24 dB (0.81 mW); modulation
amplitude, 5 G; sweep time 42 s; each spectrum is an average of
10 scans. Measurements were done at 25 K.

FIGURE 5: Titration of TyrZ+ (light minusdark EPR spectrum) in
apo-WOC-PSII membranes by exogenic Mn(II). The magnitude
of the TyrZ+ signal induced by 8 light pulses at 293 K was plotted
as a function of the number of Mn(II) per RC after subtraction of
TyrD+ in the dark control sample. (Inset) Spectrum of light-dark
TyrZ+ EPR signal (temperature, 25 K; microwave power, 2.4µW;
modulation amplitude, 2 G). The sample of apo-WOC-PSII
membranes (2.5 mg of Chl/mL, 10 mM CaCl2, and 2 mM K3FeCN6)
was positioned inside a rotating (two revolutions/s) standard EPR
quartz tube. The sample was illuminated by 24 ultrabright red
HPLM 8102 LED’s (duration of light period,tlight ) 40 ms, and
duration of dark period,tdark ) 2 s) and quickly frozen in a
methanol/dry ice bath after the last (eighth) light pulse. EPR
conditions: microwave power, 3.2 mW; modulation amplitude, 2
G; sweep time 42 s; each spectrum is an average of 5 scans.
Measurements were done at 25 K.
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fluorescence,∆F, is observed from apo-WOC-PSII frag-
ments, following the addition of 2 Mn/RC. Also, time-
resolved EPR measurements of the lifetime of TyrZ

+

previously have shown that Mn2+ directly reduces TyrZ+

(Hoganson et al., 1989). The influence of calcium on the
efficiency of electron donation by Mn2+ was not previously
reported.
Effect of Ca2+ on Single-TurnoVer Flash-Induced Catalase

ActiVity. Inoue andWada (1987) found that Mn(II)-catalyzed
photooxidation of H2O2 by Tris-treated PSII (non-photoac-
tivable) was strongly inhibited by 1 mM Ca2+ or Mg2+. In
this section we developed the investigations using photoac-
tivable apo-PSII and single-turnover flashes. Under these
conditions, the metalloenzyme complex of Mn(II) with apo-
PSII exhibit a catalase activity (Figure 6). Mn-dependent
catalase activity of apo-PSII is difficult to study because there
exists some heme iron dependent residual catalase activity.
For elimination of this kind of catalase activity we used 0.2
mM NaN3 (Mano et al., 1987). Our additional data shows
that no significant changes occur in the kinetics of photo-
activation of O2 evolution in the presence of 0.2 mM NaN3.
The upper curve in Figure 6 demonstrates the catalase

activity of TPDBA-treated apo-PSII in the presence of Mn2+.
This activity is maximal at the first flash demonstrating a
one-flash requirement (one-quantum process of H2O2 de-
pendent O2 evolution) and steadily decreases with each
following flash. The drop in the catalase activity is caused
by the depletion of electron-accepting capacity of PSII. The
lower curve (Figure 6b) represents the catalase activity in
the presence of both Mn2+ and Ca2+. It clearly demonstrates
that Ca2+ inhibits the activity byca. 60%. These results
support our suggestion that Ca2+ modulates the accessibility
or reactivity of the Mn2(II,II) site with H2O2.

DISCUSSION

Detection of an EPR Signal for a High-Affinity Monomeric
Mn2+-PSII Center. From the data in Figure 1, we can
conclude that in the absence of added CaCl2 there is a

monomeric Mn2+ binding site in apo-WOC-PSII that is
characterized by a six-line EPR signal centered at an apparent
g value of 8.3. Due to the interference from other EPR
signals, it is not evident where the other zero-field transitions
expected for this monomeric Mn2+ center are located in the
spectrum. Hence, a quantitative estimate of the zero-field
splitting is not yet possible. However, such large apparent
g values suggest an unsymmetrical ligand field of noncubic
symmetry (Markham, 1986; Reed, 1986; Aasa et al., 1987).
It is not clear how to identify this site, but it appears to be
attributable to the high-affinity Mn2+ binding site implicated
in electron transfer to Tyrz+, rather than to the Ca2+ binding
site [for review see Yocum (1991) and Debus (1992)]. We
suggest that the six-line EPR signal centered in theg≈ 8.3
region represents the monomeric Mn(II) form in the first step
during assembly of the Mn2II core of the functional{Mn4}
cluster. This complex of the monomeric Mn(II) with apo-
WOC-PSII exhibits a large barrier to photooxidation at 77
K, but can be photooxidized at room temperature.
Previously, Rutherford’s group (Booth et al., 1996)

demonstrated that when stoichiometric amounts of Mn2+ ions
are added to Ca2+-depleted PSII, the six-line pattern of aqua
Mn(II) ions is not detected. Thus, we may attribute the Mn2+

EPR signal atg≈ 8.3 that forms upon binding of exogenous
Mn2+ to apo-WOC-PSII, seen in the present work, to the
loss of aqua Mn2+ in the presence of Ca-depleted PSII
reported by Booth et al. (1996). We also see a loss of the
aqua Mn(II) EPR signal in the presence of apo-WOC-PSII.
However, detection of the bound Mn(II) signal atg ≈ 8.3
requires PSII samples that lack all residual Mn2+ and Ca2+,
as well as contamination by adventitious Fe3+. The hydro-
phobic chelator TPBDA has proven to be the most effective
chelator we have found for this purpose.
Origin of the Calcium-Induced Dimanganese(II,II) EPR

Signal. The data in Figures 2, 3, and 5 provide a self-
consistent set of observations, showing that calcium induces
a conformation of the apo-WOC-PSII protein which is
capable of binding Mn2+ with higher affinity that occurs in
the absence of calcium. Moreover, the g value, broad
lineshape, and the resolved hyperfine structure of this EPR
signal are very similar to that observed in a number of
examples of weakly interacting Mn2+ pairs that are coupled
by weak electron spin-exchange and magnetic dipolar terms
(Weltner, 1983; Khangulov et al., 1995). Examples of Mn2

II

centers with spectra almost identical to those in Figure 2c
include pairs in which the Mn(II) ions are separated by a
relatively large distance (R): Mn(II)-substituted concanavalin
A (R) 4.2 Å; Antanaitis et al., 1987), xylose isomerase (R
) 4.9 Å; Whitlow et al., 1991), and a dinuclear (µ-
carboxylato)manganese(II) complex (R) 4.9 Å; Adams et
al., 1995). In each of these cases, the Mn(II) ions are bridged
by carboxylate anions which coordinate via the anti-lone pairs
of each of the two carboxylate O atoms. Such a long
separation produces relatively weak zero-field splitting of
the EPR signal. The EPR line shapes in these complexes
and in Figure 2c do not fall into the class of strong zero-
field split spectra such as those observed with short inter-
manganese separations, common in complexes with single-
atom bridges (O2-, OH-, OR-, halides;R ) 2.9-3.5 Å).
On this basis, we suggest that the calcum-induced folding
of PSII, which creates the binding site for the Mn2

II

core, may include a carboxylate bridge between the Mn(II)
ions and that the Mn(II) ions are separated by 3.7-4.5 Å

FIGURE 6: Effect of exogenous Mn2+ and Ca2+ on apo-WOC-PSII
catalase activity measured as the oxygen yield from H2O2 per flash
as a function of the number of single-turnover xenon flashes (4µs
FWHM, given at 0.2 Hz). Sample of apo-WOC-PSII membranes
(250µg of Chl/mL) in the presence of 200µM NaN3 and 10 mM
H2O2: (a) the difference in catalase activity between [apo-PSII+
8Mn(II)] minus[apo-PSII]; (b) the difference in catalase activity
between [apo-PSII+ 8Mn(II) + 8mM Ca2+] minus[apo-PSII]. No
exogenous electron acceptor was added.
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(Scheme 1 and Chart 1). The lower limit is based on the
assignment of the shoulder atg≈ 3.1 to zero-field splitting
of two S) 5/2 ions. We note that involvement of a protein-
derived carboxylate has also been suggested in the initial
step of photoactivation (Tamura et al., 1989; Blubaugh &
Cheniae, 1992).
It is also conceivable, although unlikely, that the resolved

structure on top of the broad signal may arise from spin-
forbidden55Mn hyperfine transitions that sometimes occur
in rare situations of mononuclear Mn2+ centers having large
zero-field splitting produced by a strongly distorted rhom-
bohedral ligand field (Abragam & Bleaney, 1970). However,
there are no other zero-field transitions observed in the
spectrum of the Ca-induced Mn2(II,II) signal, as would be
required for such a ligand field. Hence, we exclude this
interpretation.
We propose that calcium organizes the binding site for

Mn ions in the apo-WOC protein and may even interact
closely with the Mn2(II,II) pair by solvent or protein-derived
bridging ligands. A speculative structure for this Ca-induced
Mn2(II,II) center is shown as Chart 1. Chart 1 is also
consistent with the Mn2(µ-oxo)(µ-carboxylate) core proposed

by Semin and Parak (1997) on the basis of sequence
homology between the D1 and D2 reaction center polypep-
tides and other O2 activating proteins: methane monooxy-
genase and ribonucleotide reductase. There may be Cl- ions
associated with this intermediate, but we have not completed
the studies needed to establish this possibility. We have
presented evidence that this species can be photooxidized
to yield a species equivalent to IM2, the second light-induced
intermediate in photoactivation. Two more Mn2+ ions bind
to this intermediate in steps which are faster and probably
do not require additional Ca ions. We further speculate that
a possible structure for the S1 oxidation state could involve
a tetrameric Mn(III) species, such as the minimal structure
depicted as Chart 2.
This speculative tetrameric model could be obtained from

the Mn2(II,II) precursor by binding and photoxidation of two
Mn2+ ions to terminal hydroxide sites by deprotonation to
form triply bridgingµ3-oxo atoms between end pairs of Mn
ions and Ca. The resulting Mn tetramer can be viewed as
two copies of mono-µ3-oxo bridged Mn2Ca trimers that are
fused together by sharing a common Ca ion.

Scheme 1: Model for Binding to the D1 Protein and Photoxidation of Mn2(II,II) Core in the First Steps of the Assembly of the
Active Center WOCa

a The dashed lines imply that bridging anions such as Cl-, OH-, or -COO- are bound between Mn2+,3+ and Ca2+.

Chart 1: EPR-Derived Model for Ca-Induced Binuclear
Mn2(II,II) Core in Apo-WOC-PSII

Chart 2: Proposed Speculative Model for the Photosynthetic
Tetramanganese Cluster of the WOC in the S1 State Based
on Extrapolation of the EPR Model and Mn EXAFS Data
(Yachandra et al., 1993)
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According to Figure 5, when two atoms of Mn2+ are
allowed to bind to this calcium-induced site in PSII, the Mn2

II

center that forms exhibits a considerably higher quantum
yield for the reduction of TyrZ+ than for that observed with
only one Mn2+ present. In Scheme 1 we suggest an
explanation for this phenomenon in terms of a reduced rate
of charge recombination. A slower rate of charge recom-
bination would be expected if intramanganese electron
transfer occurs between the “gateway” Mn3+ ion located at
the proximal site closest to TyrZ and the second Mn2+ ion
in the Mn2II pair, termed here the distal Mn site. This
electron transfer step could further separate and/or stabilize
the electron-hole pair against recombination, thereby produc-
ing a lower yield of oxidized TyrZ+. We suggest that this
“gateway” Mn site is identical to the “gateway” Mn site
observed in the intact WOC, which is responsible for
mediating electron transfer between the remaining three Mn
ions and TyrZ (Dismukes et al., 1994).

Relationship to Intermediates Formed During Photoacti-
Vation. It is necessary to understand how the calcium-
induced Mn2II core fits into the scheme for assembly of the
tetramanganese active site of the WOC by photoactivation.
In previous works, determination of the reaction orders
(molecularities) with respect to Mn2+, Ca2+, and H+ con-
centrations in the first two steps of photoactivation have
found that (1) one atom of Mn2+ binds to apo-WOC-PSII
and is photoxidized with concurrent displacement of a weakly
bound nonfunctional Ca2+ ion on the first light-induced step;
(2) this step is followed by the slowest step in photoactiva-
tion, the binding of one Ca2+ ion to the first intermediate
(Mn3+-WOC-PSII) Via a slow conformational change in
the structure of PSII, prior to binding and photooxidation of
a second Mn2+ that yields the metastable intermediate IM2;
(3) a proton is released into solution either on the first
photolytic step or upon subsequent binding of Ca2+ in the
dark (Ananyev & Dismukes, 1996a,b; Zaltsman et al., 1997).

The photoactivation experiments described above were
performed at low concentration of Mn (micromolar) condi-
tions very different from the present studies, and so thus
involve different initial states of Mn association. Quantitative
removal of all Mn in the starting material was independently
established. Under the low apo-WOC-PSII (1 µM P680)
and Mn2+ (0.25-20 µM) concentrations used for the
photoactivation experiments (saturating calcium levels, 8-10
mM), we observed that the initial species in the dark are
Ca2+-apo-WOC-PSII and free (unbound) Mn2+ in solution.
Consequently, the metastable intermediate IM2 is formulated
as comprised of 2 Mn(III) ions and at least one essential
Ca2+. The Mn stoichiometry of two agrees exactly with the
result found here for the calcium-induced dimanganese(II,-
II) site, which is bound in the dark before photolysis. Under
the low RC and Mn concentration used for photoactivation,
the high affinity Mn site (KD ) 10µM) will not be occupied,
in contrast to the EPR studies reported here, which were
performed at 100-120 µM Mn2+ and 50-60 µM RC,
conditions which lead to complete saturation of the high
affinity Mn site. We can therefore assign the photoactivation
intermediate IM2 as probably representing the doubly
oxidized product of the calcium-induced spin-coupled Mn2

II

center that binds in the dark in the presence of calcium.
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