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Isolation of an Mn-carrying 33-kDa protein from an
oxygen-evolving photosystem—II preparation by phase
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An Mn-containing 33-kDa protein was isolated by phase partitioning with 509 n-butanol from an O,-evolv-

ing photosystem-II preparation. The Mn content in the 33-kDa protein increased when 1 mM potassium

ferricyanide and 0.4 mM diaminodurene were present as oxidants during the butanol treatment and the

following dialysis. Under these conditions, 0.1-0.25 atom Mn was detected in one 33-kDa protein molecule.
EPR spectra of the Mn protein showed that the Mn atoms were bound to the protein.
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Photosynthetic O, evolution is catalyzed by an
enzyme complex containing Mn atoms at its
catalytic site. Positive charges produced by photo-
induced charge separation at the reaction center of
PS-H are transferred to the enzyme complex and
accumulated on the Mn atoms. O evolution subse-
quently occurs with specific binding of water
molecules to the oxidized Mn complex. In spite of
efforts to wunveil the organization of the
Os-evolution enzyme complex, information on Mn
and the protein components of the enzyme com-
plex is still limited. Recently, several authors have
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33, 24 and 18 kDa were released from the
0:-evolving PS-II preparations and the inside-out
thylakoid membranes by various treatments that
inhibit O, evolution [1-3). However, these pro-
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probably because the treatments employed for the
isolation of the proteins were so harsh that the
native conformation of the protein required for re-
taining Mn in situ was distorted [4]. We used phase
partitioning with n-butanol for the isolation of an
Mn-carrying protein from the O-evolving PS-II
preparation. A 33-kDa protein partitioned into the
aqueous phase after the phase partitioning was
shown to contain an appreciable amount of bound
Mn.

2. MATERIALS AND METHODS
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O2-evolving PS-II preparation were obtained from
spinach as previously described [5,6]. For NaCl
treatment, the PS-II preparation was incubated
with 1 M NacCl for 20 min at 4°C and centrifuged

at 35000 x g for 20 min. By this treatment the 24-

and 18-kDa proteins were removed from the mem-
branes without any effect on the Mn content of the

RFiiLe

PS-II preparation [7]. After the NaCl treatment
the preparation was washed once with 10 mM Mes
buffer (pH 6.5). Broken chloroplasts, the PS-II
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preparation and the NaCl-washed PS-II prepara-
tion were suspended in 10 mM Mes (pH 6.5) with
chlorophyll concentration of 0.5—1.0 mg/ml.

For butanol treatment, cold n-butanol and the
suspension containing each preparation were
mixed in a volume ratio of 1:1, and the whole
mixture was shaken vigorously for 10 s. After cen-
trifugation at 3000 X g for 10 min at 0°C, the
butanol-saturated water phase was collected and
dialyzed overnight against 10 mM Mes buffer (pH
6.5) at 4°C. The dialyzed sample was concentrated
with an Amicon ultrafiltration cell model 52.
Where indicated, 1 mM potassium ferricyanide
and 0.4 mM diaminodurene were included in the
buffer medium (10 mM Mes, pH 6.5) for the
butanol treatment and the following dialysis.

Mn determination with an atomic absorption
spectrophotometer was carried out as previously
described [8]. EPR signals of Mn were measured at
20°C with a Bruker ER 200D EPR spectrometer
operated in the X-band microwave region at
9.79 GHz. The microwave power was set at
50 mW and the field modulation intensity at 20 G.
Four signals were accumulated to improve the
signal to noise ratio.

SDS—PAGE was carried out as described in [4].
Concentration of proteins was determined by the
method of [9].

3. RESULTS

By the phase partitioning with n-butanol, the
hydrophobic proteins and the hydrophilic proteins
in broken chloroplasts and the PS-II preparation
were separated according to their hydrophobicity.
As shown in fig.1, the aqueous phase of the phase
partitioning of broken chloroplasts contained
10—15 polypeptides ranging from 10 to 100 kDa in
molecular mass. In the aqueous fraction obtained
after the butanol treatment of the PS-II prepara-
tion, the 33-, 24- and 18-kDa proteins and a minor
polypeptide band at 55-60 kDa were detected. As
the proteins with molecular masses of 55-60, 24
and 18 kDa were removed from the membranes by
prewashing of the PS-II preparation with 1 M
NacCl, the butanol phase partitioning of the NaCl-
treated PS-II preparation showed only one
polypeptide band at 33 kDa. In the fractions ob-
tained by butanol treatment of broken chloroplasts
and the PS-II preparation, we detected the
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Fig.1. Densitograms of SDS—-PAGE gels showing
Coomassie blue stained polypeptide bands. The figures
show the relative molecular masses of polypeptides in
kDa. (A) Broken chloroplasts; (B) the aqueous phase
obtained by the phase partitioning of broken
chloroplasts with n-butanol; (C) the PS-II preparation;
(D) the aqueous phase obtained after the phase
partitioning of the PS-II preparation; (E) the aqueous
phase obtained after the phase partitioning of the NaCl-
washed PS-II preparation. The amounts of samples
applied to the gel were equivalent to 4 g chlorophyll for
(A) and (O), and 2.7 u4g protein for (B), (D) and (E).
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Table 1

Amounts of Mn in the aqueous fractions obtained by the
phase partitioning with butanol of broken chloroplasts,
the PS-II preparation and the NaCl-washed PS-II

preparation
Samples Mn (ng Mn/
mg protein)
Broken chloroplasts 110
Broken chloroplasts (+ FeCy, DAD) 260
PS-II preparation 53
PS-II preparation (+ FeCy, DAD) 380
NaCl-washed PS-II preparation 70
NaCl-washed PS-II preparation
(+ FeCy, DAD) 160

Mn was assayed with a flame type atomic absorption
spectrophotometer. The data were the average of 3
measurements. Variation of the data was within 5%

presence of Mn ranging from 50 to 100 ng Mn/mg
protein by atomic absorption measurement (table
1).

When 1mM potassium ferricyanide and
0.4 mM diaminodurene were included as oxidants
in the buffer medium during butanol treatment
and the following dialysis, the content of Mn per
mg protein increased 2—7 times without affecting
the SDS—PAGE profile of each fraction (table 1).
The 33-kDa protein fraction obtained in the
presence of the oxidants contained 0.1 Mn atom
per protein molecule. In the 24- and 18-kDa pro-
teins, isolated by DEAE-Sepharose column
chromatography of the aqueous fraction obtained
after the butanol treatment of the PS-II prepara-
tion, we did not detect Mn (not shown).

The Mn-containing 33-kDa protein was sub-
jected to EPR measurement at room temperature
(fig.2). Before the addition of HCI, the EPR spec-
trum did not show any structure suggesting the
presence of free Mn in the protein fraction. Addi-
tion of 0.5 M HCI to the protein induced a typical
6-lined EPR signal of hexaquo Mn2*, which
showed the presence of bound Mn atoms in the
protein. The amount of Mn detected by the EPR
measurement was 0.25 Mn atom per molecule of
the 33-kDa protein.

4. DISCUSSION

The phase partitioning with n-butanol employed
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Fig.2. EPR spectra of the 33-kDa protein at room
temperature. (A) The 33-kDa protein with no addition;
(B) the 33-kDa protein with 0.5 M HCI; (C) 100 xM
MnCl; in 0.5 M HCL. The concentration of the protein
was 490 xg/ml. Background signal observed with 0.5 M
HCI was corrected in each measurement. Gain settings
of the instrument were 5 x 10* for (A) and (B), and
2.5 x 10? for (C).

for broken chloroplasts and the PS-II preparation
is a mild procedure for separating the hydrophilic
proteins from the hydrophobic proteins. The
33-kDa protein is probably identical with the
lysine-rich 33-kDa protein that was shown to be
released from the O,-evolving PS-II preparation by
various treatments [2—4,7]. Molecular mass
(33 kDa), hydrophilic nature and behavior in ion-
exchange column chromatography are common to
the two proteins. Both these proteins were easily
stained by Coomassie blue in SDS—PAGE gels,
which is in contrast with the 30—34-kDa herbicide-
binding protein that has been shown to be poorly
stained by the dye [10]. Preliminary results on pep-
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tide mapping for the lysine-rich 33-kDa protein
and the Mn-carrying 33-kDa protein also con-
firmed the identity of the two proteins (not
shown).

An EPR signal showed the presence of bound
Mn atoms in the 33-kDa protein. As the oxidants
used in the isolation procedure of the protein had
a significant effect in increasing the yield of Mn-
protein, it is likely that the oxidants somehow
stabilized the binding of Mn atoms to the protein.
Authors in [11] suggested from the comparison of
stability constants in model compounds that
Mn(III) and Mn(IV) are stabilized much more than
Mn(II) by coordination to proteins. The oxidants
may protect the higher oxidation state of Mn from
reduction by endogenous reductants [11], or alter-
natively, Mn(II) may be oxidized by light reaction
in the presence of the oxidants. As we carried out
the isolation of the protein under room light, there
is a possibility that the population of Mn(1II) and
Mn(IV) was increased to a certain extent. The
33-kDa protein has been suggested to be an Mn-
carrying protein from the work on algal mutants
which lacked the ability to bind Mn to the mem-
branes [12], and from that on inhibition of O,
evolution and concomitant release of proteins and
Mn from the Oz-evolving PS-II preparation [7].
However, a recent result [13] showed that the
33-kDa protein could be removed from the mem-
branes of the PS-II preparation by 1 M CaCl,
treatment, with Mn preserved in the membranes.
The apparent discrepancy between the results in
[13] and here might be explained in terms of
stability of Mn binding to proteins depending on
the oxidation state of Mn. Here we suggest the
presence of the ‘resting’ and ‘active’ states of Mn
atoms functioning in O; evolution. The Mn atoms
are probably located at the interface of the core
complex of the PS-II reaction center and the
33-kDa protein, and Mn(Il) (in the ‘resting’ state)
may have a tendency to bind to the core complex
of PS-1II, whereas Mn(I1I) and Mn(IV) (in the ‘ac-
tive’ state) are probably stabilized by binding to
the 33-kDa protein.

In the PS-II preparation treated with 1 M CaCl,,
transition from S; to S; state in the S cycle of O,
evolution was inhibited and Mn was kept in the
lower oxidation state (unpublished). As O, evolu-
tion of the CaCl,-treated PS-II preparation was
reconstituted by adding back the 33-kDa protein
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[14], it is possible that the 33-kDa protein is re-
quired for stabilization of higher oxidation states
of Mn responsible for the S; and S; states. Earlier
results that Oz evolution in chloroplasts was in-
hibited by Tris more significantly in the light than
in the dark and that the target of Tris inhibition
was the S, state [15,16] seem to be compatible with
our idea; Mn in the ‘active’ state, probably bound
to the 33-kDa protein, was removed easily by Tris
treatment, which facilitated inhibition of O, evolu-
tion in chloroplasts under the illumination.

Further study on the effects of the oxidants and
light illumination on the yield of Mn-protein is be-
ing undertaken to examine the possible ‘resting’
and ‘active’ states of Mn.

REFERENCES

[1] Akerlund, H.-E. and Jansson, C. (1981) FEBS
Lett. 124, 229-232,

[2] Yamamoto, Y., Doi, M., Tamura, N. and
Nishimura, M. (1981) FEBS Lett. 133, 265—-268.

[3] Kuwabara, T. and Murata, N. (1982) Plant Cell
Physiol. 23, 533-539.

[4] Yamamoto, Y., Shimada, S. and Nishimura, M.
(1983) FEBS Lett. 151, 49-53.

[51 Yamamoto, Y., Ueda, T., Shinkai, H. and
Nishimura, M. (1982) Biochim. Biophys. Acta 679,
347-350.

[6] Yamamoto, Y., Tabata, K., Isogai, Y., Nishimura,
M., Matsuura, K. and Itoh, S., submitted.

[71 Yamamoto, Y. and Nishimura, M. (1983) in: The
Oxygen Evolving System of Photosynthesis (Inoue,
Y. et al. eds) pp.223—-232, Academic Press, Tokyo.

[8] Yamamoto, Y. and Nishimura, M. (1983) Biochim.
Biophys. Acta 724, 294-297.

[9]1 Lowry, O.H., Rosebrough, N.J., Farr, A.L. and
Randall, R.J. (1951) J. Biol. Chem. 193, 265-275.

[10] Kyle, D.J., Ohad, I., Guy, R. and Arntzen, C.J.
°(1983) in: The Oxygen Evolving System of
Photosynthesis (Inoue, Y. et al. eds) pp.401—410,
Academic Press, Tokyo.

[11] Abramowicz, D.A. and Dismukes, G.C. (1984)
Biochim. Biophys. Acta, in press.

[12] Metz, J.G., Wong, J. and Bishop, N.I. (1980)
FEBS Lett. 114, 61—66.

[13] Ono, T. and Inoue, Y. (1983) FEBS Lett. 164,
255-260.

[14] Ono, T. and Inoue, Y. (1984) FEBS Lett. 166,
381-384.

[15] Cheniae, G.M. and Martin, I.F. (1978) Biochim.
Biophys. Acta 502, 321-344,

[16} Frasch, W.D. and Cheniae, G.M. (1980) Plant
Physiol. 65, 735-745.



