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Ligation of Mn?* into the polynuclear Mn-catalyst of water oxidation was shown using PS II membranes

depleted of their Mn and the 17, 23 and 33 kDa extrinsic proteins. This process specifically required light

and Ca?+ concentrations of ~ 50 mM. Evidence was obtained indicating Mn?+/Ca?+ competition for Ca?+

and Mn*+ binding sites essential for the photoligation of Mn. Photoligation of Mn did not result in an in-

crease of water oxidation capacity; however, water oxidation capacity was expressed following dark recon-

stitution minimally with the 33 kDa protein. The results represent the first observation of photoactivation
of water oxidation in a system that excludes simple light-driven Mn2+ transport across membrane(s).

Photoactivation Manganese Oxygen evolution

1. INTRODUCTION

Many recent studies with PS Il membranes have
provided evidence that the expression of O, evolu-
tion capacity of the polynulear Mn-catalyst of
water oxidation in photosynthesis can be
manipulated by extraction/reconstitution of the
17, 23 and 33 kDa extrinsic proteins (reviews
[1,2]). While it is clear that the 17 and 23 kDa pro-
teins are not directly required for O; evolution [3],
some evidence exists that the 33 kDa extrinsic pro-
tein is directly required {4]. In all cases, either par-
tial or complete inactivation of the tetra-Mn
catalyst results in the loss of water oxidation by the
PS 1I trap/water oxidizing complex.

Previous studies with variously cultured algae
[5], intact chloroplasts from leaves greened by
widely spaced flashes [6,7], Tris-extracted
chloroplasts [8], or leaves in which the tetra-Mn

Abbreviations: DCIPH;, reduced form of 2,6-dichloro-
phenolindophenol; PS, photosystem; Vo,, rate of O
evolution activity; TMF, Triton-membrane fragments
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catalyst has been inactivated by NH,OH [9,10], all
indicate that light is required for appearance or
reappearance of Vo, [5—-10] and ligation of Mn2*
as a tetra-Mn complex [5,9]. This light-dependent
reappearance or appearance of O, evolution is in-
dependent of protein synthesis [5,9,10], photo-
phosphorylation events ([5,7], see however [11])
and PS I ([5], see however [6]), and may require
Ca** ({7,8], see however [9]) as well as stromal fac-
tors ([6], see however [8]). Such disparity of re-
quirements might suggest differing light effects
dependent on the complexity of the system studied.
Indeed, it has been suggested [11,12] that photoac-
tivation of O, evolution [5] simply reflects
transport of Mn?* across thylakoids to the apo-S-
state complex.

Here we report requirements for photoactiva-
tion of the water-oxidizing complex in PS II mem-
branes subjected first to extraction with CaCl; [4]
and then to a reduced redox reagent [13,14] to
solubilize the 17, 23 and 33 kDa extrinsic proteins
[4] and =80% of the ~4 Mn/PSII trap
[2,9,10,13,15]. The results show that photoligation
of Mn?* occurs in the absence of PS II extrinsic
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proteins, but the expression of the catalytic activity
of the photoligated Mn minimally requires the
33 kDa extrinsic protein. Rebinding of this 33 kDa
protein can occur however with Mn-depleted
membranes.

2. MATERIALS AND METHODS

Oxygen evolving PS II TMFs (TMF-2) were
prepared [13] from wheat seedlings (Triticum
aestivum) by modifications and combinations of
procedures described in [16,17]. CaCL-TMF-2 was
prepared as described [4], except the extraction
with 1 M CaCl; was done twice. DCIPH,-treated
CaCl,-TMF-2 was prepared by incubation of
CaCl,-TMF-2 (500 zg Chl/ml) for 1 h at 4°C in
darkness in buffer A (15mM NaCl, 04 M
sucrose, 50 mM Mes-NaOH, pH 6.5) containing
500 «M DCIP and 2 mM Na ascorbate. Following
incubation, the membranes were recovered by cen-
trifugation (30000 x g, 10 min) and resuspended in
buffer A.

For photoactivation, the DCIPH,-treated
CaCl;-TMF-2 was suspended (250 zg Chl/ml) in
0.4 ml of buffer A containing 2 mM MnCl,,
50 mM CaCl; and 100 zg of 33 kDa protein unless
otherwise noted. This suspension in a 10 ml beaker
was illuminated (24 xE/m? per s) from above at
4°C for various durations. Following illumination,
O, evolution activity was directly determined
polarographically (5 zg Chl/ml) in assay buffer
[13] containing 1.0 mM CaCl, from addition
of the variously incubated DCIPH;-treated
CaCl,-TMF-2.

The 33 kDa PS II protein was obtained by two
successive extractions of wheat 17 and 23 kDa
depleted TMF-2 (500 xg Chl/ml) with 1 M CaCl,
in buffer A for 1 h at 4°C. The combined super-
natants were concentrated and desalted (Amicon
PM 30) then dialyzed vs 10 mM Mes-NaOH, pH
6.5, before centrifugation (30000 x g, 30 min) and
concentration by lyophilization. The ratio of ab-
sorbance at 276 (peak):260:250 nm (trough) was
1.0:0.57:0.37, similar to values reported by
Kuwabara and Murata [18] for highly purified
33 kDa protein. SDS-PAGE analyses of the
33 kDa fraction revealed no significant contamina-
tion by other proteins. SDS-PAGE analyses were
carried out using a 5% stacking and a 12%
polyacrylamide running slab gel.
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3. RESULTS AND DISCUSSION

Table 1 shows the effects of MnCly, CaCl, and
the 33 kDa extrinsic protein on O evolution
capacity of DCIPH;-treated CaCl,-TMF-2 in-
cubated for 20 min in either weak light or
darkness. Note: (i) DCIPH; treatment diminished
O, evolution capacity of 33 kDa reconstituted
CaCl,-TMF-2 by about 87%; (ii) dark incubation
of DCIPH,-treated CaCl,-TMF-2 at any condition
shown did not cause any significant increase in O;
evolution capacity. In contrast, light incubation in
the presence of MnCl; and CaCl; resulted in
3.3-3.5-fold increases in Vo, if the 33 kDa protein
was present during the light incubation (condition
D) or added following light incubation but before
assay of Vo, (condition C). Omission of either
MnCl; or CaCl; caused appreciably less light-
dependent recovery of Vo,. The requirements for
both MnCl; and CaCl; for light-dependent
recovery of Vo, are qualitatively similar to obser-
vations reported in [6—8] in different type

Table 1

Effects of MnCl;, CaCl, and the 33 kDa extrinsic
protein on photoactivation of oxygen evolution in
DCIPH;-treated CaCl,-TMF-2

Additions Incubation condition
Dark Light
(zmol O/mg Chl per h)

(A) None 25 (24)* 26 (24)*
{B) Plus MnCl; 30 (29) 47 41
(C) Plus MnCl,, CaCl, 30 29) 86 (46)
(D) Plus MnCl;, CaCl,,

33 kDa protein 29 (28) 92 (88)

2 Numbers in parentheses represent rates of O evolution
without addition of the 33 kDa protein before assay
following the various incubations

Results expressed as gmol O:/mg Chl per h. The
DCIPH,-treated CaCh-TMF-2 (250 zg Chi/ml) was
incubated for 20 min in buffer A containing where noted
2mM MnCl;, 50 mM CaCl, and 250 xg 33 kDa
protein/ml. CaCl,-TMF-2 gave 200 xmol O2/mg Chl per
h on addition of the 33 kDa protein. Where indicated,
PS II membranes (5 #g Chl) were incubated for 2 min
with 10 zg 33 kDa protein in the polarograph vessel
(1.0 ml) before onset of assay of Vo,
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chloroplast systems inactive in O; evolution. An
addition of 50 mM CaCl; to the assay medium
enhanced the Vo, values in conditions B and D by
50 and 10%, respectively.

Fig.1 shows the time course obtained for the
photoactivation of DCIPH;-treated CaCl,-TMF-2
in the presence of optimal concentrations of
MnCl;, CaCl; and the 33 kDa proteins. The data
tend to suggest more complicated kinetics than
previously observed for photoactivation of Vo,. In
all of the previous studies of photoactivation, the
conversion of inactive apo-S-state centers to active
Mn-S-state centers showed apparent homogeneous
first-order kinetics with half-times ranging from
~23 s [5] to 10 min [6—8] and to 50 min [9]. The
overall half-time (10 min) for this photoactivation
(fig.1) is not inconsistent with values reported for
broken [8,11] or intact chloroplasts [6,7].
However, we observed maximally here (4°C) about
50% photoactivation of the S-state centers
originally present in CaCl,-TMF-2 as judged by the
33 kDa reconstituted Vo, values before DCIPH;
treatment and after DCIPH, treatment and subse-
quent photoactivation. Similar incubations at
23°C vyielded maximally about 75% photoactiva-
tion of the centers. This overall limited conversion
of centers is not a consequence of photoinhibition
of the donor side of PS Il traps [9] (not shown).

The pH dependency for photoactivation of
DCIPH;-treated CaCl>-TMF-2 shows a maximum

5 8 g8 8
&
Q@

\"

[+]

A

&

|

02 evolution activity (umol Oz ImgChi-h)
~N
S

=4
(=]

20 40
llumination time (min)

Fig.1. Time course of photoactivation of Vo, by
DCIPH;-treated CaCl-TMF-2. See section 2 for details.
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between pH 6.2 and 6.5 and a significant decline at
>pH 7.0 (fig.2). As shown, similar incubations at
any of the pH values but in dark, resuited in no
change in O, evolution activity. This pH dependen-
cy is similar to those for the stability of the tetra-
Mn complex, O; evolution activity assayed with
33 kDa protein, and the inactivation of tetra-Mn
complex in CaCl,-TMF-2 by NH,OH (unpub-
lished), but is different to the pH optimum (pH
7.8) reported with Tris-treated chloroplasts [19].
Fig.3 records the dependency of photoactivation
on MnCl; and CaCl; concentrations. Irrespective
of MnCl; concentration little photoactivation oc-
curred in the absence of CaCl: (fig.3A). In the
presence of 50 mM CaCl,, half-maximal and max-
imal yields of photoactivation were obtained at
about 0.25 and 1 mM MnCl;, respectively. Under
similar conditions, but with DCIPH;-treated
CaCl;-TMF-2, the half-maximal rate of Mn>*
photooxidation (23°C) was obtained at 0.3 mM
MnCl; thus, in both cases, the Mn?* requirements
are significantly greater (30—300-fold) than for
photoreactivation of Vo, in Tris-inactivated grana
preparations [19], photoactivation of Vo, in intact
chloroplasts from flash greened wheat leaves [7]
and for photooxidation of Mn%* by NH,OH-Tris
washed PS II membranes [20]. These differing
Mn?* requirements may reflect differences in the
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Fig.2. pH dependency of photoactivation of Vo, (O).
(®) Vo, values of DCIPHax-treated CaCl,-TMF-2
similarly incubated, but in darkness. At pH 7.0 and 7.5,
Mes was replaced by Hepes. See section 2 for details.
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Fig.3. Effects of MnCL (A) and CaCl; (B)
concentrations on photoactivation of Vo, The
concentration of CaCl, in A was 0 mM (0), 50 mM (0)
and 125 mM (A). (x) Obtained in the absence of both
MnCl; and CaCl. In B, incubations were in the presence
of 2 mM MnCL; in either light (O) or darkness (®).

affinity constant for Mn?* at its site of oxidation
by PS II or differences in diffusional barriers to
Mn?*. The marked decreases in yield of photoac-
uvauon at JU lel \/d\,lz dIl(.l )l J i‘rﬂvn 1Vlll\/l2
(fig.3A) were significantly diminished by increased
CaCl, concentrations (125 mM), a result sug-
gesting competition between these cations in pro-
cesses essential for photoligation of Mn>* and its
stabilization in DCIPH;-treated CaCl,-TMF-2.
Mn?* and Ca?* competition in photooxidation of

AA_2+ Lo NJLT ALY "Pole wing L~d DQ i aa e ag
1viTi 0y 1'u1.2un-1ub washed PS II membranes

has been observed by Velthuys [21]. Additionally,
Ono and Inoue [7] have implicated the existence of
a similar competition in studies of photoactivation
with intact chloroplasts; however, it is possible
that with intact chloroplasts the observed competi-
tion could have been only remotely related to PS 11

avante and nhataantivatian nar ga
\vVUlllB aiu PllULUaULlVﬂtlUll PVl ov.

Fig.3B shows CaCl; concentration dependency
for photoactivation of Vo, at 2 mM MnCl,. No in-
crease in Vo, occurred in darkness irrespective of
the Ca?* concentration. The photoactivation pro-
cess required very high Ca®* concentrations (haif-
maximal and maximal of about 20 and 50 mM
CaCl,, resnectivelv) comnared to the (“a concen-

ANLA2y IOSPOLLIVAE) ) LR PRI 0L LIl

trations required for photoreactivation [8] or
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photoactivation [71 of chloroplasts. Increasing
CaCl; concentrations did not diminish the yield of
photoactivation (cf fig.3A). Apparently, Mn** ca

compete well with Ca®* for essential Ca®* binding
sites but Ca** competes poorly with Mn?* for the
binding sites for Mn?* which are essential for the
photoactivation of Vo, in DCIPH;-treated

CaCl,-TMF-2. Similarly [7,8], neither 50 mM

NMal'l. naer 10N MM O affastivaly ranlacsad tha
vigeay 0T 1vvu v g SIICClivaly 1iepiacca the

Ca’* requirement for photoactivation. This
remarkably high Ca’* requirement was also
observed when Ca®* (acetate) and Cl~ (100 mM
NaCl) were used in the incubations.

Most data indicate that a tetra-Mn complex of
the water-oxidizing enzyme constitutes the major

frantinn af the tatal nan.advaentiticougly PQ TT Mn
ifaCuiln O il 0lar NON-aGveMiiliOusy o 11 Ml

(~4-5 Mn/200 Chl) [2,9,13,15]. Any PS II Mn
(=1 Mn/200 Chl) not directly correlating with O,
evolution is a somewhat variable quantity
12,9,13,22). Data shown in table 2 reveal the ef-

fects of DCIPH, treatment of CaCl,-TMF-2 and

subsequent dark or light incubation in the presence
of MnCl, and 213 IDa nratein on PS 1 Mn ahun.

VA AVRIINSLZ QAR DU M PrUVLEE Vi XiJ ak iVai vl

dance. First, the data show that DCIPH; treatment
decreased the ~4 Mn/200 Chl in parent

Table 2
Effects of MnCl,, CaCl, and the 33 kDa extrinsic
protein on photoligation of Mn?*
Additions Mn per 200 Chl
Expt 1 Expt 2
Dark Light Dark Light
None 048 - 0.30 0.21
+ MnCl 1.05 1.42 - -
+ MnCl,, CaCl, - 413 1.28 1.92
+ MnCl,, CaCl,, and
33 kDa protein 1.56 3.83 1.03 2.04

DCIPH;-treated CaCl,-TMF-2 (350 xg Chl/ml) wag

A AT TR2-UCKRNN Sala- L aval WY (2 vgtily)

incubated for 20 min in light or dark in buffer A
containing where noted 2 mM MnCl,, 50 mM CacCl; and
400 g 33 kDa protein/mi. Following incubation, the
membranes were pelleted then twice washed (27 4g
Chl/ml with buffer A containing 10 4M A23187 and
1 mM EDTA) before Mn analyses [13]). Addition of
2mM NH;OH to the wash (30 min incubation),

dacreasad tha Mun /900 Chl valyae schawn ta 1 10 4+ 091
ULTTTadil Uil villl/ auv Uil Values diuwil (U 1,1V T Vel

Mn/200 Chl
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CaCl,-TMF-2 [4,13] to only <1 Mn/200 Chl.
Second, the data indicate that incubation of
DCIPH;-treated CaCl;-TMF-2 with MnCl; under
any of the conditions shown resulted in some in-
crease of total PS II Mn abundance above a value
of 1.10 + 0.21 Mn/200 Chl, the value obtained by
NH,;OH, A23187 and EDTA washing, but without
increase of Vo,. We therefore assume any increase
of PS II Mn abundance greater than this value
reflects Mn?* ligated into the tetra-Mn complex of
the S-state enzyme.

Accordingly, the data of table 2 show that liga-
tion of Mn** into the tetra-Mn complex of PS II
membranes with everted orientation is not only
light-dependent [S—11] but also dependent on Ca**
[7,8]. We thus reject the supposition [11,12] that
photoactivation merely reflects light-dependent
transport of Mn?* across thylakoids. The data also
show that photoligation of Mn?* with intrinsic
membrane components is independent of the
33 kDa extrinsic protein even though the expres-
sion of catalytic activity of the photoligated Mn is
dependent on this protein ([4]; table 1).

Reassembly of the 17 and 23 kDa polypeptides
with thylakoids of NH,OH extracted leaves occurs
during photoactivation but not during even pro-
longed (=6 h) dark incubations [9,10]. Fig.4 shows
SDS-PAGE analysis of the capacity of variously
treated and incubated CaCl,-TMF-2 to rebind the
33 kDa protein. Examination of lane |1
(CaCl,-TMF-2} and lane 2 (CaCl,-TMF-2 plus
33 kDa) reveals rebinding of the 33 kDa.
However, inspection of lanes 3—5 (variously in-
cubated DCIPH:-treated CaCl.-TMF-2) and lanes
6—7 (NH2O0H or Tris-extracted DCIPH;-treated
CaCl,-TMF-2 to further deplete PS Il Mn to 0.4
Mn/200 Chl) shows that equivalent rebinding of
the 33 kDa occurred in all cases. Additionally, the
rebinding of the 33 kDa with DCIPH;-treated
CaCl,-TMF-2 and CaCL-TMF-2 [23] showed en-
tirely similar dependency on 33 kDa concentration
over the range of 0.03—-0.5 4g 33 kDa/xg Chl (not
shown). Clearly, rebinding per se of the 33 kDa
protein to the membranes, in contrast to the 17 and
23 kDa proteins [9,10] is independent of Mn
ligated into the S-state complex and photoactiva-
tion events.

Nevertheless, ligation of Mn into the tetra-Mn
complex of the water oxidizing enzyme occurs only
in light, is independent of the 17, 23 and 33 kDa
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Fig.4. Rebinding of 33 kDa protein with PSII
membranes is independent of the Mn-S-state complex.
CaCl-TMF-2 (lanes 1,2) with and without 33 kDa
addition, respectively; DCIPH;-treated CaCl,-TMF-2
(lanes 3,4) incubated in light in the absence or presence
of MnCl,, CaCls, 33 kDa protein, respectively; lane 5,
as 4, but dark incubated; lanes 6 and 7, extracted with
2 mM NH;OH and 1.0 M Tris, pH 8.0, respectively, for
40 min before incubation in darkness with 33 kDa.
Following incubations (250 xg Chl/ml and 125 g
33 kDa/ml for 30 min at 4°C in buffer A), the PSII
membranes were washed twice at 25 g Chl/ml with
buffer A, before collection and SDS-PAGE analyses.

extrinsic proteins, but requires the reassembly of
minimally the 33 kDa protein for expression of
water oxidizing activity of the photoligated Mn.
Data in fig.4 do not permit distinction between
non-specific rebinding vs specific reassembly.
Some of these same conclusions reached here also
are observed in the photoactivation of NH,OH-
treated TMF-2. In this case photoactivation
specifically causes an increase (#;/2 ~5 min) of O,
evolution (=300 #mol O,/mg Chl per h), is essen-
tially independent of 33 kDa protein additions but
is dependent on Mn?*, Ca?* and CI~ additions;
however, the Ca®* concentration dependency is
more complex than the enhancement of Vo, by
Ca’* in 17 and 23 kDa depleted PS II membranes
containing the tetra-Mn complex [24].

These conclusions seemingly contrast to those in
[25] showing appreciable enhancement of Vo, by
dark incubation of EDTA washed Synechococcus
PS II membranes with Mn?* and Ca®*.
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