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Abstract

Four synthetic manganese complexes in which Mn atoms have different coordination environments and valence states
were used to reconstitute water-oxidizing complex (WOC) in Mn-depleted photosystem 2 preparations. Three Mn-
complexes restored a significant rate of electron transfer and oxygen evolution except one complex in which Mn atom
ligated to the O-atoms within the ligands by covalent linkage. The effect of coordination environment of the Mn-atom
within the Mn-complexes on their efficiencies in reconstituting the electron transport and oxygen evolution was

analysed.

Additional key words: manganese complexes; reconstitution; water-oxidizing complex.

Introduction

Elucidation of the structure of water-oxidizing complex
(WOC) has been one of the most challenging researches
in the photosynthesis field due to its unique role in photo-
synthetic water oxidation. Up to now, the structural
information about WOC has been mainly obtained by
EXAFS and EPR spectroscopy. These studies have well
established that WOC is comprised of Mn,Ca,Cl, and
a redox-active tyrosine, Yz (D1-Y161) (Debus 1992, Britt
1996, Yachandra et al. 1996). Recent study on the X-ray
crystal structure of photosystem 2 (PS2) at 0.35 nm reso-
lution revealed that WOC contains a cubane-like
Mn;CaOy cluster linked to a fourth Mn by a mono-p-oxo-
bridge and detailed information of surrounding coordi-
nation of Mn cluster for the first time was provided
(Ferreira et al. 2004). Unfortunately, protein ligands
ligated with Ca>" were not detected at current resolution
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and Cl ligand was not observed either, even though CI
was suggested as a possible ligand of Mn cluster (Debus
1992). Moreover, the structure of Mn,Ca cluster provided
by X-ray crystal structure of PS2 at 0.3 nm resolution
(Loll et al. 2005) differs considerably from the above
cubane-like model. So, great challenges will still remain
until higher resolution of WOC structure is obtained.
Bioinorganic model chemistry has provided important
insights into the structure of WOC. In recent years,
various Mn-complexes have been synthesized as models
to mimic the Mn cluster of the WOC. Synthetic Mn-
complexes could provide a powerful system to analyze
the assembly of the WOC and thus may help in under-
standing the structure and function of the WOC. Photo-
assembly of WOC with synthetic Mn-complexes (Klimov
et al. 1990, Allakhverdiev et al. 1994a,b, 1999, Li et al.
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2000, Karacan and Somer 2004, 2005, Han et al. 2005,
Liu et al. 2006) in Mn-depleted PS2 membranes by
a process called photoactivation is more effective in
comparison with photoassembly with MnCl,. Factors that
influence the reconstruction of WOC are complicated and
have not been clucidated clearly due to limited investi-
gations on synthetic Mn-complexes. As a continuation

Materials and methods

Preparation of PS2 particles: PS2-enriched membrane
fragments were prepared from market spinach by the
method of Berthold ef al. (1981). Chlorophyll (Chl)
contents and Chl a/b ratios were assayed in 80 % acetone
according to Arnon (1949). These preparations exhibited
100—110 mmol kg '(Chl) s ' oxygen evolution rates under
saturating irradiance in the presence of 0.1 mM 2,5-di-
chloro-p-benzoquinone (DCBQ) plus 1 mM K;Fe(CN)g
as electron acceptors. Samples were stored in liquid
nitrogen until use.

Depletion of manganese: The extractions of manganese
and three extrinsic polypeptides from PS2 preparations
were carried out using 20 mM N,N,N’ N “tetramethyl-
ethylenediamine (TEMED) plus 0.5 M MgCl, treatments,
which give a 97 % removal of Mn from WOC (Ananyev
et al. 1992, Allakhverdiev et al. 1994b). The Mn content
was assayed with flameless atomic absorption spectro-
photometer (Perkin-Elmer Zeeman 500 spectrometer) and
the polypeptide composition was verified using sodium
dodecyl sulfate—polyacrylamide gel electrophoresis.

Purification of 33 kDa protein: The 33 kDa protein was
extracted from the PS2 preparations by 1.0 M CaCl,
treatment and purified by column chromatography on a
DEAE-Sepharose CL-6B column as described by Weng
et al. (2004). The purified protein concentration was
calculated from UV absorbance at 276 nm according to
the method of Eaton-Rye and Murata (1989).

In vitro photoactivation of Mn-depleted (TEMED-
treated) PS2 particles was carried out as described by Li
et al. (2006). Mn-depleted PS2 membranes, suspended in
buffer containing 300 mM sucrose, 100 mM NaCl,
50 mM Mes-NaOH (pH 6.5), 20 mM CaCl,, and
0.25 mM K;Fe(CN)g at a chlorophyll (Chl) concentration
of 200 g m> were pre-incubated with an indicated
amount of MnCl, or Mn-complex in the dark at 4 °C for
10 min before photoactivation. Photoactivation was done
at room temperature with five cycles of continuous
irradiation (A>600 nm, =55 Wm? irradiation of

Results

Fluorescence measurements: Typical traces of
photoinduced changes of Chl fluorescence yield in
different PS2 preparations are shown in Fig. 2. Increase

of our former research (Han et al. 2005, Li et al. 2006),
four synthetic Mn-complexes with different coordination
environment were used to reconstitute the WOC in Mn-
depleted PS2 preparations and some interesting hints
between the chemical structure of Mn-complexes and
their efficiencies in reconstituting the electron transport
and oxygen evolution were found.

30-40 s periods separated by 30-40 s of dark). Suspen-
sions were stirred during incubation and photoactivation.
The photoactivated samples were centrifuged at 25 000xg
for 10 min to remove unbound Mn-complexes, and then
the pellets were washed two times before measurement of
oxygen evolution activity.

O; evolution activity was measured with a Clark-type
electrode fitted with a circulating water jacket at 25 °C.
The assay mediums comprised 300 mM sucrose, 10 mM
NaCl, 5 mM CacCl,, 25 mM Mes-NaOH (pH 6.5) with
100 puM phenyl-p-benzoquinone (PPBQ) as electron
acceptor.

Variable fluorescence: The kinetics of the photoinduced
change of Chl fluorescence yield was measured in 1-cm
cuvette at 20°C using a phosphoroscopic set-up
(Ananyev et al. 1992). The suspension for fluorescence
measurements contained samples at 10 g m” Chl,
300 mM sucrose, 35 mM NaCl, and 50 mM Mes-NaOH
(pH 6.5).

Photoinhibition and thermoinactivation: Photoinhibi-
tion of photoactivated samples was carried out by conti-
nuous heat-filtered irradiation (3 000 pmol m? s') at
a Chl concentration of 100 g m~ at 20 °C. Thermo-
inactivation was carried out at certain temperature in the
dark. Samples were incubated for 10 min in indicative
temperature at a Chl concentration of 100 g m . All the
photoinhibition and thermoinactivation experiments were
carried out in the medium containing 300 mM sucrose,
170 mM NaCl, 50 mM Mes-NaOH (pH 6.5), and
20 mM CacCl,.

Synthesis of manganese complexes: Synthesis,
structural characterization, and magnetic properties of
manganese compounds [Mn(II)Cl(pic)],, [Mn(II)(pic)z]n,
[Mn(IV),0;(pic)4] (Huang et al. 2004) and [Mn(I1I)(pic);]
(Li et al. 2006) [(pic) = pyridinecarboxylate] are descri-
bed in references. The coordination spheres of the Mn ion
in the four Mn-complexes are shown in Fig. 1.

of fluorescence yield in untreated PS2 samples was
observed due to light-induced reduction of Q,, the
primary electron acceptor of PS2. However, Mn-depleted
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PS2 preparations showed markedly different pattern due
to the loss of manganese. In this case, AF was largely
reduced because of very limited electron donor capacity.
Addition of MnCl, corresponding to four Mn per PS2
reaction centre (RC) caused a significant restoration of
AF. This indicates that MnCl, can reconstitute the
electron transport capacity of Mn-depleted PS2
preparations. This role of MnCl, had already been shown
(Allakhverdiev et al. 1994b, 1999, Karacan and Somer
2004, 2005, Han et al. 2005).

An effective restoration was also achieved with
synthetic Mn-complexes (Fig. 2, traces 4—7). But the
efficiency of four Mn-complexes was obviously lower
than that of MnCl,. This may be related to coordination
environment of Mn atoms in these complexes. Different
numbers of chelate rings exist in these Mn-complexes,
which may affect the capability of Mn atom to donate
electron to RC. As shown in Fig. 2, the efficiency of
Mn-complexes was decreased gradually in an order
[Mn(IDCl(pic)],> [Mn(IID)(pic)s] > [Mn(IV),0,(pic)s]
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with the increasing number of the chelate rings. But the
behaviour of Mn-complex [Mn(Il)(pic),], was very
abnormal. Structurally, except the existence of two
chelate rings, the only difference between this complex
and other three complexes was that Mn atom within the
complex ligated two carboxylic oxygen atoms by
covalent bond. The existence of two O atoms in this Mn-
complex may be the reason leading to severe decrease of
its electron donor capacity. Detailed analysis will be
carried out in Discussion.

Moreover, the valence state of Mn atom in the Mn-
complexes may have some relationship with the
efficiency of Mn-complexes in restoring electron transfer.
As shown in Fig. 2 (traces 4, 6, and 7), three Mn-
complexes in which Mn atom is in +2, +3, and +4 valen-
ce states exhibited the variable fluorescence in an order
[Mn(IDCl(pic)], > [Mn(II)(pic)s] > [Mn(IV),0(pic)s].
Mn-complexes in which Mn atom is at lower valence
state show stronger donation electron capacity than Mn-
complex, in which Mn atom is at higher valence state.

Fig. 1. Coordination spheres of the four Mn complexes,
of which complexes / and 2 are coordination polymers
of MnCl(pic) and Mn(pic), moieties, respectively.
I: [Mn(ID)Cl(pic)],.  2: [Mn(II)(pic)r],.  3: [Mn(III)(pic)s].
4: [Mn(IV),0,(pic)q].

Fig. 2. Kinetics of the photoinduced changes of the
PS2 chlorophyll fluorescence yield, related to
photoreduction of Q, in the sub-chloroplast
membrane fragments enriched in PS2 before (1)
and after (2—7) removal of Mn in the absence of
other additions (2) and after the addition of 0.2 uM
MnCl, (3); 0.2 uM [Mn(II)Cl(pic)], (4); 0.2 uM
[Mn(ID(pic)]n (5); 0.2 pM [Mn(ll)(pic)s] (6);
7 0.1 uM [Mn(IV),0(pic)s] (7). A, switching on the
measuring radiation (A =480 nm, 0.15 W m’z), or
T and ¥ “actinic light” (A>600 nm, 100 W m™) on
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Oxygen evolution activity of these preparations is
shown in Table 1. In Mn-depleted PS2 preparations, this
activity was almost completely lost, but it was partially
recovered after photoactivation with MnCl,. A more
pronounced effect was obtained with synthetic Mn-
complexes. Efficiency of photoactivation was further
enhanced with the addition of CaCl, or 33 kDa protein in
the case of both Mn-complexes and MnCl,. But the
maximal recovery of O, evolution activity was required
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and off, respectively.

in the presence of CaCl, and 33 kDa protein together. The
effect of CaCl, and 33 kDa protein on photoactivation
was more pronounced in Mn-complexes than in MnCl,.
In the presence of 20 mM CaCl, and 40 g m™ of 33 kDa
polypeptide, this activity could be restored up to 30.0,
28.5, and 28.0 % of the original level in PS2 membranes
when apo-PS2 was photoactived with Mn(IT)Cl(pic)],,
[Mn(IlT)(pic);], and [Mn(IV),0,(pic)s], respectively,
while MnCl, was only 22 %. Obviously, three Mn-
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complexes are more efficient than MnCl, in reactivation
of O, evolution activity. Likewise, the Mn-complex
[Mn(II)(pic);], showed special behaviour in reactivation
of O, evolution activity (Fig. 2).

Detailed description of the reactivation of oxygen
evolution activity is shown in Figs. 3 and 4. Fig. 34
shows the effect of the concentration of synthetic Mn-
complexes on photoactivation. Restoration of O, evolu-
tion activity photoactivated with Mn-complexes was
rapidly enhanced with the addition of exogenous Mn and

almost saturated at a concentration corresponding to
4 Mn per RC. More additions of complexes did not
induce more pronounced increase. Such traces showed
that these Mn-complexes except [Mn(II)(pic),], partici-
pated in a more effective way than MnCl, during the
whole concentration range. Complexes [Mn(III)(pic);]
and [Mn(IV),0,(pic),] exerted almost the same capability
in reactivation of O, evolution activity in Mn-depleted
PS2 particles. Complex Mn(II)Cl(pic)], was a little more
efficient than the above two Mn-complexes.

Table 1. Reactivation of O, evolution in Mn-depleted PS2 preparations with Mn-complexes [mmol(O,) kg ™'(Chl) s™']. MnCl, or Mn
complexes were added at a concentration corresponding to 10 Mn per RC, the 33 kDa polypeptide at 40 g¢ m>, and CaCl, at 20 mM.
0, evolution activity of native PS2 preparations was about 105 mmol(O,) kg '(Chl) s™'. For other conditions see Materials and

methods.
Addition Rate of O, evolution
during photoactivation MnCl, Mn(IDCl(pic)], [Mn(ID)(pic),]a [Mn(IIT)(pic)s] [Mn(IV),0,(pic)4]
None 0 0 0 0 0
10 Mn/RC 13.9 13.6 10.6 12.8 13.1
10 Mn/RC+CaCl, 19.4 21.1 15.8 21.1 19.7
10 Mn/RC+33 kDa 21.7 18.6 15.0 22.8 21.9
10 Mn/RC+CaCl,+33 kDa  23.3 31.7 16.7 30.0 29.7
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Fig. 3. Reactivation of O, evolution in Mn-depleted PS2 preparations reconstituted (4) with various concentrations of Mn or (B) with
various concentrations of 33 kDa protein in the absence of Ca®*. MnCl, (o); [Mn(I[)Cl(pic)], (%); [Mn(IT)(pic),], (m); [Mn(IIT)(pic)s]
(®); [Mn(IV),0(pic)s] (A). (4): The reactivation medium contained 20 mM CaCl, and 40 g m > 33 kDa protein. The PS2 enriched
membranes were diluted to 20 g(Chl) m™. (B): The reaction medium contained 20 g(Chl) m™, 10 Mn per PS2 RC. The rates are given
as percent of the rates obtained in intact PS2 preparations. For other details see Materials and methods.

The actions of Mn-complexes on 33 kDa protein in
the absence of 20 mM CaCl, are described in Fig. 4. The
restoration of O, evolution activity is quickly enhanced
with increase in concentration of the 33 kDa protein. This
role of 33 kDa protein in stimulating the photoactivation
has been mentioned earlier (Berthold ef al. 1981, Bricker
and Frankel 1998). In the present photoactivation experi-
ment, the presence of 80 g m™ of the 33 kDa protein
raised O, evolution activity by 90, 66, 68, 117, and 110 %
when photoactivated with MnCl,, Mn(II)Cl(pic)],,
[Mn(ID)(pic).], [Mn(IID)(pic)s], and [Mn(IV),0x(pic).],
respectively. Moreover, the activation of O, evolution

activity with Mn(II)Cl(pic)], was largely decreased in the
absence of 33 kDa protein compared to other Mn-
complexes.

The requirement for CaCl, in the presence of 33 kDa
protein during photoactivation is shown in Fig. 5. CaCl,
was also required for photoactivation even though
40 g m” of 33 kDa protein was already presented in the
medium. The addition of 2 mM CaCl, increased the
oxygen evolution more than found in its absence. The
presence of 5 mM CacCl, increased the oxygen evolution
to almost its maximum and then saturated at this
concentration. The actions of three different synthetic
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Mn-complexes except [Mn(II)(pic),], to CaCl, were more
evident than those of MnCl,. But the rate of O, evolution
with Mn-complex [Mn(II)(pic),], was decreased when
concentration of CaCl, was over 10 mM. It seems there
was a competition between Mn and Ca®" at higher
concentrations during photoactivation.

Photoinhibition and thermoinactivation: In order to
understand the function of reconstituted WOC, we
compared the capability of photoactivated samples with
MnCl, and Mn-complexes, respectively, in preventing
photoinhibition and thermoinactivation. Fig. 54 shows
the rate of photoinhibition of photoactivated samples with
the increasing time of irradiation. Three photoactivated
WOC with Mn-complexes showed stronger capacity
against photoinhibition than MnCl,. Fig. 5B shows the
rate of thermoinactivation of photoactivated samples with
the increasing temperature. With the increase in tempera-
ture, photoactivated WOC with Mn-complexes also
showed stronger ability against thermoinactivation than
MnCl,. Moreover, all samples lost O,-evolving activity
at 47.5 °C.

Discussion

The above results demonstrate that synthetic Mn-
complexes can restore significant rates of electron
transport and oxygen evolution and reconstitute the WOC
in Mn-depleted PS2 preparations. Moreover, the
reconstituted WOC show higher capacity against photo-
inhibition and thermoinactivation compared to MnCl,.
However, their efficiencies in restoration of electron
transport and oxygen evolution of WOC vary between
Mn-complexes. There are some relationships between the
chemical structure and their functions in restoring the
electron transport and O, evolution.

In our previous investigations (Han et al. 2005, Li
et al. 2006), we proposed that existence of ligation
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Fig. 4. Reactivation of O, evolution in Mn-depleted PS2 pre-
parations reconstituted with Mn complexes in the presence
of various concentrations of CaCl,. MnCl, (0);, Mn(II)Cl(pic)],
(%); [Mn(IT)(pic),], (w); [Mn(IID)(pic)s] (#); [Mn(IV),05(pic)s]
(A). The reaction medium contained 20 g(Chl) m>, 10 Mn per
PS2 RC, and 40 g m™ of 33 kDa protein.

between Mn atom and N atom within the ligands de-
termine whether Mn-complexes are able to restore elect-
ron transport and O, evolution. Several secondary amines
with bulky aromatic substituents and acidic -NH group
are strong catalysts of the ADRY effect in an intact WOC
(Hanssum et al. 1985). Based on the above finding,
Allakhverdiev et al. (1994b) suggested that aromatic
ligands containing Mn complexes can facilitate inter-
action of Mn atoms with exposed donor side of PS2
during photoactivation. Our previous results showed that
ligation of Mn atom with N atom within the aromatic ring
facilitated its interaction with exposed donor side of PS2.
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Fig. 5. Effect of photoinhibition (A) or thermodeactivation (B) on oxygen-evolving activity of reconstituted PS2 with MnCl, or Mn
complexes at 10 Mn/RC. For symbols see Fig. 4. The medium contained 100 g(Chl) m, 20 mM CaCl,, and 40 g m ™ of 33 kDa

protein. For details see Materials and methods.
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In the presented photoactivation experiments, the
above proposal was further testified. Mn-complexes that
contain Mn-N ligation restored significant rate of electron
transport and O, evolution (Figs. 3 and 4). In addition, the
comparison of the efficiency of complexes in restoring
the electron transport and the O, evolution activity and
their chemical structures showed that the capability of
Mn-complexes in reconstitution of WOC was also related
to the valence state of Mn atom and other structural
factors.

Mn(Il) in complex [Mn(IDCl(pic)], displays a
coordination environment consisting of two CI, two
carboxylic oxygen atom from the same pic ligand, and a
chelate ring formed with one carboxylic oxygen atom and
one nitrogen atom from same pic ligand. Besides two
same chelate rings as above, [Mn(Il)(pic),], is ligated
with two carboxylic oxygen atoms from two ligands.
Mn(IIl) in [Mn(IIl)(pic);] is coordinated by the three
same chelate rings. [Mn(IV),O,(pic)s] is a dinuclear
p-oxo Mn-complex, which is composed of four same
chelate rings.

Fig. 2 shows that the capability of these Mn-
complexes as an effective electron donor is gradually
decreased with the increasing number of chelate ring. The
existence of chelate ring, on the one hand, makes the
electron flow onto the ring, which weakens donation
electron capacity of the Mn atom. On the other hand,
increasing chelate ring enhances the size of the Mn-
complex to a great extent and leads to the augmentation
of steric hindrance surrounding Mn atom. As shown in
Fig. 2, complex [Mn(II)Cl(pic)],, which has the smallest
chelate ring number, is most efficient in restoring
the electron transport capacity while the complex
[Mn(IV),0x(pic)s] with most chelate rings, displays
lowest efficiency. The order of Mn-complexes as effect-
ive electron donor is opposite to the number of chelate
rings except the complex [Mn(II)(pic),],.

Moreover, the valence state of Mn atom in Mn-
complexes also affects recovery of electron transport
capacity. Mn-complex in which Mn atom is at lower
valence state can easier donate electron to RC than the
Mn-complex in which Mn atom exists at higher oxidation
state. Based on the above analysis we suggest that
restoration of electron transport capacity is affected by
both valence states of Mn atom and structure factors such
as chelate ring number and size of ligand.

However, the behaviour of complex [Mn(II)(pic),], is
very special and does not obey the above rule. Though
only two chelate rings exist in the complex in which Mn
atom is of +2 valence, this complex shows lower AF than
other Mn-complexes. This complex also shows lower
efficiency than other Mn-complexes in reactivating O,
evolution (cf. Figs. 3-5). Excluding the difference in the
number of chelate rings, the only difference between
complex [Mn(II)(pic),], and other complexes in chemical
structure is that Mn atom in this complex is coordinated
with two carboxylic oxygen atoms by covalent linkage.

A similar phenomenon was also found in our previous
work (Li et al. 2006). Complex [Mn(I)(pyz),(H,0)4]
in which Mn(Il) atom is coordinated by four water
molecules and two oxygen atoms from two pyz ligands
can not restore the electron transport and O, evolution in
a reconstituted PS2 sample. It is inferred from the above
analysis that decreasing capability of this complex in the
recovery of electron transport and O, evolution may be
related to the covalent linkage between Mn atom and O
atom within ligands.

The oxygen atom has a strong electronegativity.
When the Mn atom in the complex is coordinated with
the O atom by covalent bond, the donation electron
capacity of the Mn atom is largely weakened due to
stronger attraction electron capability of the O atom
unless there is a delocalization structure formed between
the Mn atom and the O atom within ligand. That may be
why the native Mn cluster forms a cubane-like Mn;CaQO,
cluster in which the Mn atom is linked with the O atom in
a p-oxo bridge form. Existence of delocalization structure
in Mn;CaO, cluster not only helps avoid the centrali-
zation of higher positive charge of Mn atom but also
benefits the output of electron and stability of Mn cluster.
Hence covalent locating linkage between Mn atom and
O atoms within the ligands may be one of the reasons
leading to the lower efficiency of this complex in the
reconstitution of WOC.

In addition, we found that the efficiency of Mn-
complexes in the recovery of electron transport is not in
accord with that in O, evolution. For example,
[Mn(ID)Cl(pic)],, [Mn(IIT)(pic);], and [Mn(IV),Ox(pic)s]
showed higher efficiency than MnCl, in reactivation of
O, evolution activity while the three Mn-complexes had a
lower efficiency than MnCl, in restoration of electron
transport. Similar results were also presented by Karacan
and Somer (2004). Thus reconstitution of electron
transport and O, evolution with synthetic Mn-complexes
is influenced by different factors.

The properties of ligand, especially the structural
factor, seem to have close relation with the reconstitution
of electron transfer (Fig. 2). The size of ligand obviously
affects the donation electron capacity of Mn-complex. All
these Mn-complexes show lower efficiency than free
Mn** in restoring electron transport. But the function of
ligand during the photoactivatiom with Mn-complex may
only help the coordination of Mn atom to the apo-WOC
(cofactor-depleted enzyme). From comparison with the
results of MnCl,, it is inferred that the existence of
ligands, especially those containing aromatic ring, is im-
portant for the ligation of Mn atom. The ligand itself may
not participate in the formation of WOC and will be strip-
ped after the Mn atom ligated to the apo-WOC. The size
of ligand is not an essential factor affecting the efficiency
of Mn-complex in the recovery of O, evolution. In the
present photoactivation experiment, the difference in the
number of chelate rings did not cause large difference in
the O, evolution between Mn-complexes.
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Moreover, to our knowledge, complex
[Mn(IV),0(pic)4] in which Mn atom is at +4 valence
state was used for the first time to reconstitute the WOC.
This complex restores the O, evolution activity with
higher efficiency. That means that Mn (IV) is photo-
oxidized to Mn(V) or higher valence state. Brudvig’s
group has proposed a mechanism of water oxidation in
which involvement of an electrophilic Mn(V) = O species
in O, formation is postulated (Limburg ef al. 1999). Our
present photoactivation experiments showed that the
existence of a Mn(V) intermediate was possible in the
cycle of S states.

Ca®" is an essential cofactor required for photo-
activation. A Ca®" ion was involved in the conversion of
the first Mn?" mononuclear intermediate to the Mn*'—
Mn?" intermediate in photoactivation experiments using
MnCl, (Ananyev and Dismukes 1996). CaCl, is also
required for mononuclear Mn-complexes during photo-
activation (Karacan and Somer 2004). But in the case of
binuclear Mn-complexes, there was no special require-
ment for addition of exogenous Ca*" during photo-
activation (Han et al. 2005). The Ca®’ retained in the
isolated PS2 preparations was sufficient or Ca*" was not
required for insertion of binuclear complexes.

The 33 kDa protein is referred as manganese stabili-
zing protein (MSP) due to its key role in the stabilization
of the manganese cluster of the WOC. The presence of
this polypeptide decreases Cl™ requirement and stimulates
photoactivation (Miyao and Murata 1983).

In our photoactivation experiment with Mn-com-

References

Allakhverdiev, S.I., Karacan, M.S., Somer, G., Karacan, N.,
Khan, E.M., Rane, S.Y., Padhye, S., Klimov, V.V., Renger,
G.: Binuclear manganese(I1I) complexes as electron donors in
D1/D2/cytochrome 5559 preparations isolated from spinach
photosystem II membrane fragments. — Z. Naturforsch. 49c:
587-592, 1994a.

Allakhverdiev, S.I., Karacan, M.S., Somer, G., Karacan, N.,
Khan, E.M., Rane, S.Y., Padhye, S., Klimov, V.V., Renger,
G.: Reconstitution of the water-oxidizing complex in man-
ganese-depleted photosystem II complexes by using synthetic
binuclear manganese complexes. — Biochemistry 33: 12210-
12214, 1994b.

Allakhverdiev, S.I., Ozdemir, U., Harnois, J., Karacan, N.,
Hotchandani, S., Klimov, V.V., Murata, N., Carpentier, R.:
Reconstitution of the water-oxidizing complex in manganese-
depleted photosystem II preparations using mononuclear
manganese complexes. — Photochem. Photobiol. 70: 57-63,
1999.

Ananyev, G., Wydrzynski, T., Renger, G., Klimov, V.
Transient peroxide formation by the manganese-containing,
redox-active donor side of Photosystem II upon inhibition of
O, evolution with lauroylcholine chloride. — Biochim.
biophys. Acta 1100: 303-311, 1992.

Ananyev, G.M., Dismukes, G.C.: Assembly of the tetra-Mn site
of photosynthetic water oxidation by photoactivation: Mn
stoichiometry and detection of a new intermediate. —

626

plexes, addition of the 33 kDa protein or 20 mM CaCl,
alone markedly stimulated the oxygen-evolving activity.
But the maximal recovery of O, evolution activity
required the presence of both CaCl, and 33 kDa protein.
The requirement for CaCl, and 33 kDa protein during
photoactivation seems to be more important to Mn-
complexes than to MnCl,. The presence of 40 g m
33 kDa protein and 20 mM CaCl, during photoactivation
with Mn-complexes raised the O,-evolution activity to a
greater extent compared with MnCl, (Table 1). An
interaction between CaCl, and 33 kDa protein may exist
and this interaction provides favourable environment for
the ligation of Mn atom with apo-WOC during photo-
activation with Mn-complexes.

The 33 kDa protein is conformation flexible in
solution (Hutchison et al. 1998, Lydakis-Simantiris et al.
1999, Shutova et al. 2000). It may play a role in the
stabilization of optimal conformation of PS2 RC proteins
engaged in Mn-Ca coordination (Seidler 1996). More-
over, the isolated 33 kDa protein of PS2 contains one
calcium low-affinity binding site (Kruk et al. 2003).
Binding of calcium to this site may influence the confor-
mation of the 33 kDa protein itself and/or the neigh-
bouring proteins (e.g. 23 kDa protein) and also indirectly
affect the oxygen evolution activity. Hence we suggest,
based on the above analysis, that presence of CaCl,
during photoactivation possibly modulates the conforma-
tional change of 33 kDa protein engaged in reconstitution
of WOC and therefore increases the O, evolution activity.

Biochemistry 35: 4102-4109, 1996.

Arnon, D.I.: Copper enzymes in isolated chloroplasts. Polyphe-
noloxidase in Beta vulgaris. — Plant Physiol. 24: 1-17, 1949.
Berthold, D.A., Babcock, G.T., Yocum, C.F.: A highly resolv-
ed, oxygen-evolving photosystem II preparation from spinach
thylakoid membranes. EPR and electron-transport properties.

—FEBS Lett. 27: 231-234, 1981.

Bricker, T.M., Frankel, L.K.: The structure and function of the
33 kDa extrinsic protein of Photosystem II: A critical assess-
ment. — Photosynth. Res. 56: 157-173, 1998.

Britt, R.D.: Oxygen evolution. — In: Ort, D.R., Yocum, C.F.
(ed.): Oxygenic Photosynthesis: The Light Reaction. Pp. 137-
164. Kluwer Academic Publ., Dordrecht — Boston — London
1996.

Debus, R.J.: The manganese and calcium ions of photosynthetic
oxygen evolution. — Biochim. biophys. Acta 1102: 269-352,
1992.

Eaton-Rye, J.J., Murata, N.: Evidence that the amino-terminus
of the 33 kDa extrinsic protein is required for binding to the
Photosystem II complex. — Biochim. biophys. Acta 977: 219-
226, 1989.

Ferreira, K.N., Iverson, T.M., Maghlaoui, K., Barber, J., Iwata,
S.: Architecture of the photosynthetic oxygen-evolving center.
— Science 203: 1831-1838, 2004.

Han, G.Y., Li, J., Chen, G.Y., Ling, L., Li, S.Q., Khorobrykh,
A.A., Zharmukhamedov, S.K., Klimov, V.V., Kuang, T.Y.:



RECONSTITUTION OF WATER-OXIDIZING COMPLEX IN MANGANESE-DEPLETED PHOTOSYSTEM 2 PREPARATIONS

Reconstruction of the water-oxidizing complex in manganese-
depleted Photosystem II using synthetic manganese com-
plexes. — J. Photochem. Photobiol. B 81: 114-120, 2005.

Hanssum, B., Dohnt, G., Renger, G.: On the mechanism of
ADRY agent interaction with the Photosystem II donor site. —
Biochim. biophys. Acta 806: 210-220, 1985.

Huang, D.G., Wang, W.G., Zhang, X.F., Chen, C.N, Chen, F.,
Liu, Q.T., Liao, D.Z., Li, L.C., Sun, L. C.: Synthesis, struc-
tural characterizations and magnetic properties of a series of
mono-, di- and polynuclear manganese pyridinecarboxylate
compounds. — Eur. J. inorg. Chem. 7: 1454-1464, 2004.

Hutchison, R.S., Betts, S.D., Yocum, C.F., Barry, B.A.
Conformational changes in the extrinsic manganese
stabilizing protein can occur upon binding to the photosystem
II reaction center: An isotope editing and FT-IR study. —
Biochemistry 37: 5643-5653, 1998.

Karacan, M.S., Somer, G.: Reconstitution of the water-oxidiz-
ing complex in manganese-depleted photosystem II by using
Schiff base manganese complexes. — J. Photochem. Photobiol.
A 163: 307-310, 2004.

Karacan, M.S., Somer, G.: Reconstitution of the Mn-depleted
photosystem 2 by using some manganese complexes. —
Photosynthetica 43: 317-320, 2005.

Klimov, V.V., Ananyev, G.M., Allakhverdiev, S.L,
Zharmukhamedov, S.K., Mulay, M., Hegde, U., Padhye, S.:
Photoreactivation and photoinactivation of photosystem II
after a complete removal of manganese from pea subchloro-
plast particles. — In: Baltscheffsky, M. (ed.): Current Research
in Photosynthesis. Vol. 1. Pp. 247-254. Kluwer Academic
Publ., Dordrecht — Boston — London 1990.

Kruk, J., Burda, K., Jemiota-Rzeminska, M., Strzatka, K.: The
33 kDa protein of photosystem II is a low-affinity calcium
and lanthanide-binding protein. — Biochemistry 42: 14862-
14867, 2003.

Li, S.Q., Chen, G.Y., Han, G.Y., Ling, L., Huang, D.G,,
Khorobrykh, A.A., Zharmukhamedov, S.K., Liu, Q.T,
Klimov, V.V., Kuang, T.Y.: Coordination between manga-
nese and nitrogen within the ligands in the manganese

complexes facilitates the reconstitution of the water-oxidizing
complex in manganese-depleted photosystem II preparations.
—J. biol. inorg. Chem. 11: 783-790, 2006.

Li, Y.Z., Wang, M., Wang, L.F., Xia, C.G.: Bis(pyridinecar-
boxylato-O,N)(pyridinecarboxylic  acid-O,N)manganese(I1I)
hydroxide. — Acta Cryst. C56: e445-e446, 2000.

Limburg, J., Vrettos, J.S., Liable-Sands, L.M., Rheingold, A.L.,
Crabtree, R.H., Brudvig, G.W.: A functional model for O-O
bond formation by the O,-evolving complex in photosystem
II. — Science 283: 1524-1527, 1999.

Liu, B., Shen, P.P., Shi, W., Song, Y.G., Li, W., Nie, Z., Liu,
Y.: Highly efficient photoactivation of Mn-depleted photo-
system Il by imidazole-liganded manganese complexes. —
J. biol. inorg. Chem. 11: 626-632, 2006.

Loll, B., Kern, J., Saenger, W., Zouni, A., Biesiadka, J.:
Towards complete arrangement in the 3.0 A resolution
structure of photosystem II. — Nature 438: 1040-1044, 2005.

Lydakis-Simantiris, N., Hutchison, R.S., Betts, S.D., Barry,
B.A., Yocum, C.F.: Manganese stabilizing protein of photo-
system II is a thermostable, natively unfolded polypeptide. —
Biochemistry 38: 404-414, 1999.

Miyao, M., Murata, N.: Partial reconstitution of the photosyn-
thetic oxygen evolution system by rebinding of the 33-kDa
polypeptide. — FEBS Lett. 164: 375-378, 1983.

Seidler, A.: The extrinsic polypeptides of Photosystem II. —
Biochim. biophys. Acta 1277: 35-60, 1996.

Shutova, T., Irrgang, K.D., Shubin, V., Klimov, V.V., Renger,
G.: Is the manganese stabilizing 33 kDa protein of photosys-
tem II attaining a ‘natively unfolded’ or ‘molten globule’
structure in solution? — FEBS Lett. 46: 137-140, 2000.

Weng, J., Tan, C.Y., Shen, J.R., Yu, Y., Zeng, X.M., Xu, C.H.,
Ruan, K.C.: pH-induced conformational changes in the solu-
ble manganese-stabilizing protein. — Biochemistry 43: 4855-
4861, 2004.

Yachandra, V.K., Sauer, K., Klein, M.P.: Manganese cluster in
photosynthesis: Where plants oxidize water to dioxygen. —
Chem. Rev. 96: 2927-2950, 1996.

627



