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Roles of three lumen-surface proteins in the formation of S, state and O,
evolution in Photosystem II particles from spinach thylakoid membranes
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Reconstitution of O, evolution in CaCl-treated PS II at the level of the original PS II was achieved by
simultaneous reinsertion of the three lumen-surface proteins, 17, 23 and 34 kDa proteins, and total thylakoid
lipids in the presence of 25% glycerol and 15 mM sodium cholate. By means of this reconstitution method,
the following was found, concerning the roles of the three proteins in the formation of the S, state and O,
evolution of the water-splitting complex. (1) Complete removal of the three proteins from the PS II particles
by 1 M Ca(l, treatment caused a rapid release of Mn from the particles when incubated at 25°C, but not at
0°C. The rapid release of Mn at 25°C was prevented by the reinsertion of the 34 kDa protein but not by the
other two proteins. (2) O, evolution was recovered in CaCl ,-treated PS II by reinserting the 34 kDa protein,
when Cl ~ was present at a level of 50 mM, but it declined when the Cl~ concentration was decreased. Upon
further addition of the 23 kDa protein, O,-evolving activity was enhanced to the original PS II level at
concentrations of Cl~ higher than 10 mM. Below this concentration, besides the 23 and 34 kDa proteins, the
17 kDa protein was required for maximal O, evolution. (3) The effects of the three proteins and Cl ™ on the
recovery of the low-temperature multiline EPR signal in the CaCl,-treated PS II were essentially the same as
those on the recovery of the O, evolution, indicating that the three proteins and Cl~ contribute to the
advancement of the water-splitting complex to the S, state.
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mainly by means of the disintegration and recon-
stitution of O, evolution and it has been found
that three water-soluble lumen-surface proteins,
of 34 , 23 and 17 kDa, are involved in the water-
splitting complex [1-18]. In early works, however,
there were some discrepancies regarding the re-
quirements of the three proteins in O, evolution
[3,6,10,11,16-18]. The cause of discrepancies con-
cerning the 17 and 23 kDa proteins has been
clarified by the findings that the requirements for
these proteins in O, evolution strongly depend on
the Cl~ concentration in the assay medium for the
O, evolution [13,15,18]. However, the discrepan-
cies in the experimental findings regarding the role
of the 34 kDa protein in the water-splitting com-
plex have remained unsolved. Abramowicz and
Dismukes [16] first reported the isolation of the 34
kDa protein through retention of Mn by using a
redox buffer during protein extraction and later
Yamamoto et al. [17] reported a successful isola-
tion of the 34 kDa protein containing Mn by
means of phase partitioning with 50% n-butanol.
These results seem to suggest that the 34 kDa
protein is a long-sought Mn-binding protein. How-
ever, Ono and Inoue [11] claimed that it is possible
to dissociate the 34 kDa protein, together with the
17 and 23 kDa proteins, from the PS II-enriched
thylakoid membranes (PS Il particles) by washing
with 1 M CaCl,, leaving Mn unaffected and O,
evolution partially restored in the CaCl,-treated
PS II particles, which results in the rebinding of
the 34 kDa protein only. We also pointed out in a
previous report that the recovery of O, evolution
in the CaCl,-treated particles was enhanced by
further addition of the 17 and 23 kDa proteins in
Ref. 18.

The experimental data on the requirements for
the three proteins in photosynthetic water splitting
have been collected from a number of groups, but
there are serious discrepancies between the experi-
mental results regarding the location of the effects
of the 17, 23 and 34 kDa proteins in the charge-ac-
cumulation process of the water-splitting complex
[19,20] Wensink et al. [19] compared DCIP reduc-
tion under flash illumination by the PS II particles
before and after 2 M NaCl treatment and claimed
that the 17 and 23 kDa proteins contribute to the
S state transition higher than the S, — S; transi-
tion. Investigating the S-state transition in the PS

II particles treated with 1 M CaCl, by menas of
thermoluminescence measurements, Ono and In-
oue [20] provided evidence suggesting that the
depletion of the three proteins leads to the inhibi-
tion of the S; — S, transition, but not the S, — S,
S, =S, or S, — S, transitions. We, however, re-
ported previously that the formation of the light-
induced multiline EPR signal attributed to the S,
state is inhibited by removal of the 17 and 23 kDa
proteins, when the Cl~ concentration is lower than
10 mM [21]. Casey and Sauer [22] presented evi-
dence that formation of a pre-S, state observed by
a 320 G wide EPR signal centered near g = 4.1 is
inhibited by the removal of the 17 and 23 kDa
proteins from the PS II particles.

In the present work, we have established a
method to recover O, evolution in CaCl,-treated
PS II at the level of the original PS II and applied
it to reveal the roles of the three proteins in the
water-splitting complex, focusing on the following
two points. (1) Relations among the three proteins
and Cl1~ for O, evolution and the formation of the
EPR S, signal. (2) The effects of the three proteins
on the stability of Mn in the native site of the
water-splitting complex.

Besides reconstitution experiments, the effect of
SOZ~ on the formation of the S, state and O,-
evolving activity in the PS II particles have been
examined.

Experimental procedure

Materials

O,-evolving PS II particles were prepared from
fresh spinach leaves by a method of Kuwabara
and Murata [23] and finally suspended in a solu-
tion of 0.2 M sucrose, 20 mM NaCl and 20 mM
Mops (pH 7.0) to be stored in liquid N,.

The mixture of the 17, 23 and 34 kDa proteins
was extracted from the PS II particles in 1 M
CaCl, solution according to the method of Ono
and Inoue [11]. After concentration in a dialysis
bag (SPECTRAPOR membrane tubing, molecular
mass cut-off 6-8 kDa) using poly(ethylene glycol)
powder (molecular mass 20 + 5 kDa), the solution
containing the three proteins was dialyzed against
buffer-solution A (0.2 M sucrose/20 mM Mops
(pH 7.0)). This final solution was named as CaCl,,
from which 17, 23 and 34 kDa proteins were



isolated by using a Pharmacia FPLC system with
columns of Mono Q for the 23 and 34 kDa pro-
teins and Mono S for the 17 kDa protein as
described previously [18). Thylakoid total lipids
were isolated from the broken thylakoids as shown
in Ref. 15.

Depletion and reconstitution of PS II concern-
ing the three proteins were carried out as follows.
The PS II particles were washed with buffer-solu-
tion A and suspended in a solution of 1 M CaCl,/
0.3 M sorbitol/10 mM NaCl /40 mM Mes (pH
6.5) and at 1 mg/ ml of Chl and stirred on ice for
30 min in the dark, followed by centrifugation at
30000 X g for 15 min and at 4°C. The pellet was
washed with buffer-solution A containing 20 mM
sodium cholate at 0°C and at 2 mg Chl/ml to
remove CaCl, from the pellet. The resulting pellet
was named CaCl,-treated PS II and used for the
reconstitution experiments as follows. The pellet
was resuspended at 4 mg Chl/ml in the buffer
solution used for washing and homogenized at
0°C. To this suspension, the CaCl, extracts and
thylakoid lipids were added at a ratio of proteins/
lipids/Chl (3: 6 : 2), otherwise mentioned together
with glycerol and sodium cholate to give final
concentrations of 25 vol% for glycerol, 15 mM for
sodium cholate and 0.42 mg/ml for Chl. When
the purified proteins were used for reconstitution
instead of the CaCl, extracts, the ratio Chl/17
kDa/23 kDa/ 34 kDa was adjusted to 1.00/0.45/
0.60/0.60 (w/w), otherwise mentioned. In the
mixtures containing the CaCl,-treated PS II, were
various combinations of the three proteins and
lipids, together with glycerol and sodium cholate,
which we named the reconstitution mixture. After
incubation at 4°C for 2 h under gentle shaking,
the reconstitution mixture was diluted S50-times
with the corresponding assay medium and centri-
fuged at 35000 X g for 15 min. The resulting
pellet, reconstituted PS II, was resuspended in
each assay medium and submitted immediately to
various measurements.

Complete removal of Cl~ from the PS II pre-
parations was performed as follows. PS II particles
were washed with buffer-solution A and im-
mediately suspended in buffer-solution A plus 50
mM Na,SO, at a Chl concentration of 30 pg/mil.
After 1 min incubation in ice, the suspension was
centrifuged at 35000 X g for 15 min at 0°C. The
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resulting pellet was resuspended in the correspond-
ing assay medium.

The determination of Mn content in the PS 11
and reconstituted PS II was carried out by means
of atomic absorption spectrometry as shown in a
previous report [18].

Measurements

The rate of O, evolution was measured with PS
II and reconstituted PS II at 25°C and 0°C by use
of a Teflon-covered electrode (Bionics Instrument)
under continuous illumination with saturating light
(0.17 W/cm?) between 600 and 800 nm through a
pair of glass filters (Toshiba IRA-25S and R-60)
and a 10 cm water layer. PBQ was used as an
electron acceptor.

The photoinduced electron transfer activities in
the PS II and reconstituted PS II from DPC, as
artificial electron donor, to DCIP, as artificial
electron acceptor, and from H,O to DCIP were
determined by measuring the rate of DCIP photo-
reduction in the presence or absence of DPC,
respectively, as described previously [15].

For EPR measurement of the original PS II and
reconstituted PS II, the samples were washed in an
appropriate buffer solution and suspended in
buffer-solution A containing glycerol of spectro-
scopic grade at 4.0 mg Chl/ml with or without
NacCl. For the Na,SO,-treated PS II, however, the
final pellet was suspended in buffer-solution A
containing glycerol, 50 mM Na,SO, and 100 mM
NaCl or in buffer-solution A cotnaining glycerol
and 50 mM Na,SO,. In every preparation, the
concentration of glycerol in the final suspension
was 50 vol%. The sample solutions were placed in
quartz tubes of 3 mm inner diameter and kept in
the dark at 0°C for 60 min. The continuous il-
lumination for the samples was performed as fol-
lows. After dark-adaptation, the sample tubes were
equilibrated in the dark at 195 K in a glass Dewar’s
vessel containing solid CO, and methanol and
illuminated with continuous light between 600 and
800 nm through a colored glass filter (Kenko SR
60) and a 10 cm water layer. Immediately after the
illumination, the sample tubes were immersed in
liquid N, and stored pending EPR measurement.
Besides the continuous illumination experiments,
laser-flash experiments were carried out by means
of an Nd-YAG Laser (NEC SL120D) providing a
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30 mJ and 3 ns laser flash at 534 nm. The samples
were allowed to dark-adapt in EPR tubes at 0°C
for 60 min and given one laser flash and im-
mediately frozen in liquid N,. Sample handling
and measurement were completed within 24 h.

EPR spectra were recorded with a Varian E-109
system equipped with an Oxford EPR-900 con-
tinuous flow cryostat. The measurements were car-
ried out at 8.0 + 0.5 K and 4.6 + 0.4 K. The micro-
wave power was varied between 0.04 mW and 40
mW and the modulation amplitude was set at S G
or 20 G. Other spectrometer conditions are indi-
cated in the corresponding figure legends.

Results and Discussion

Perfect depletion and reconstitution of the 17, 23 and
34 kDa proteins for PS II particles

The composition of proteins obtained from PS
II particles upon various treatment was examined
by SDS-polyacrylamide gel electrophoresis. Al-
though not depicted, comparison of the protein
patterns of PS Il before and after the CaCl,
treatment indicated that treatment of PS II with 1
M CacCl, results in complete removal of the 17, 23
and 34 kDa proteins from PS II as reported in
previous studies [15,21]. Fig. 1 shows the plots of
the amounts of the three proteins involved in the
different preparations of reconstituted PS I
against the amounts of the corresponding protein
added in the reconstitution mixture. Fig. 1a repre-
sents the data obtained in the reconstituted PS II
prepared with each one of the purified proteins
and the hpids, reconstituted PS 1I (17, /), recon-
stituted PS II (23, ¢), reconstituted PS II (34, 7).
The amount of the 34 kDa protein in the recon-
stituted PS I1 (34, ¢) saturated to the same level of
the original PS II. However, that of the 23 kDa
protein in the reconstituted PS II (23, ¢) saturated
to a level of 0.5 of the original PS 11, while the 17
kDa protein could be rebound in the reconstituted
PS I1 (17, ¢) exceeding the original level. Fig. 1b
shows the corresponding plots for reconstituted PS
II prepared with the crude CaCl, extracts and the
lipids. In this case, the saturation level of the 23
kDa protein in the reconstituted PS 1I was re-
covered to the level of the original PS II. The
existence of the 34 kDa protein, rather than the 17
kDa protein, in the reconstitution medium was

confirmed to be responsible for the perfect re-
covery in the binding of the 23 kDa protein to the
reconstituted PS II. The removal of the thylakoid
lipids from the reconstitution mixture did not give
any significant effect on the protein patterns of the
reconstituted PS II preparations.

Typical examples of the rate of O, evolution
measured at 25°C with the PS Il and reconstituted
PS II prepared under various conditions are com-
pared in Table I. The O,-evolving activity of origi-
nal PS II was in the range 300-450 umol O,/ mg
Chl per h, depending on delicate differences in the
Triton X-100 treatment during the preparation of
the PS II particles. After the treatment with 1 M
CaCl,, the PS II particles scarcely exhibited O,
evolution in buffer-solution A containing 20 mM
CI™. When reconstitution was carried out with the
CaCl, extracts but without the lipids, O,-evolving
activity was partially restored in the particles, but
did not exceed 50% of the original level, although,
in this case, each of the 17, 23 and 34 kDa proteins
was confirmed to be fully rebound to the recon-
stituted particles. The addition of the lipids to the
reconstitution mixture containing CaCl, extracts
significantly enhanced the O,-evolving activity of
the resulting reconstituted PS II and the recovery
attained a maximum level at 3 mg lipids / mg Chl.

The rate of photoreduction of DCIP by PS I
and reconstituted PS Il in the presence and ab-
sence of DPC are also shown and compared with
the O,-evolving rates in Table 1. With DPC as
supplemental electron donor, the rate of DCIP
photoreduction by the CaCl, treated PS II was
42% of the rate in original PS II. This rate in-
creased to 85%. when reconstitution was carried
out with the thylakoid lipids, reconstituted PS
I(Z), but the rate of DCIP photoreduction without
DPC and of O, evolution were not enhanced.
These results suggest that the added thylakoid
lipids contribute to restoring the electron-transfer
activity from the DPC donation site to the DCIP-
acceptance site, rather than reactivating the
water-splitting complex.

It should be mentioned here that the O,-evolu-
tion rate and the electron-transfer rate obtained in
the reconstituted PS II prepared with the CaCl,
extracts and lipids, reconstituted PS II (CaCl,
extracts, £) sometime exceeded the corresponding
values in original PS II, as is shown in Table I.
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Fig. 1. Binding behaviour of the three proteins to different
preparations of reconstituted PS Il. Ordinate: the amount of
each protein rebound to the reconstituted PS II relative to the
amount of the corresponding protein in the original PS II,
abscissa: the amount of the protein added to reconstituted PS
II. (a) Data obtained from reconstituted PS Il prepared with
each one of the purified proteins: (O) 17 kDa protein; (a) 23
kDa protein; (O) 34 kDa protein. In this figure, the abscissa
values represent the amount of each protein added in the
reconstitution mixture. (b) Data obtained from reconstituted
PS II prepared with the crude CaCl, extracts: (O) 17 kDa
protein; (a) 23 kDa protein; (O) 34 kDa protein. In this figure,
the abscissa values represent the amount of total proteins
added in the reconstitution mixture.
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This fact suggests that each of the 17, 23 and 34
kDa proteins and/or the lipid components func-
tionally connected to PS II might be partially
removed from the membranes during the prepara-
tion of the PS II particles. In fact, the activity of
PS 11, enriched with the three proteins and lipids
by its incubating in a solution containing CaCl,
extracts, lipids, 15 mM sodium cholate and 25
vol% glycerol, was in the range 420-580 pmol
0,/ mg Chl per h, exceeding the value of original
PS II particles.

Roles of the three lumen-surface proteins in O,
evolution

The effects of the three proteins on the stability
of Mn in the membranes were examined by de-
termining the Mn content in the PS II, before and
after CaCl, treatment, and in the different pre-

TABLE 1

EFFECT OF THE THREE PROTEINS AND THE
THYLAKOID LIPIDS ON ELECTRON TRANSFER RATES
FROM DPC TO DCIP AND FROM H,0 TO DCIP, AND
ON THE O,-EVOLUTION RATES OF THE PS II, CaCl,-
TREATED PS II AND RECONSTITUTED PS II PRE-
PARED UNDER DIFFERENT CONDITIONS.

All assays were carried out in buffer-solution A containing 20
mM NaCl: reconstituted PS II (¢), lipids/Chl ratio, 3.0/1.0;
reconstituted PS II (CaCl, extracts), CaCl, extracts/Chl ratio,
1.5/1.0; reconstituted PS II (CaCl, extracts, ¢), CaCl, ex-
tracts/lipids /Chl ratio, 1.5/3.0/1.0; Protein-enriched PS II,
CaCl, extracts/lipids/Chl ratio 1.5/3.0/1.0. Measurements of
DCIP reduction were carried out at a concentration of 50 uM
DCIP and 25 pg Chl/ml with and without 250 uM DPC under
illumination with 600-800 nm light at 0.15 mW/cm® and
measurements of O, evolution were performed at 300 uM PBQ
and 8.3 ug Chl/ml under illumination with saturating light of
600-800 nm (0.17 W /cm?).

Sample DCIP reduction  Oxygen
(pequiv/mg Chl  evolution
per h) {pmol O, /
with without ™8 Chlperh)
DPC DPC

Original PS 11 385 322 312

CaCl,-treated PS II 16.2 0.0 10

Reconstituted PS IT (#) 31.7 0.0 20

Reconstituted PS I1

(CaCl, extracts) - - 151

Reconstituted PS I1

(CaCl, extracts, £) 44.1 39.0 350
Protein-enriched PS 1T - - 427
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parations of reconstituted PS II. The PS II par-
ticles prepared by using Triton X-100 contained
Mn in the range 3.8-4.0 atoms per 220 Chl, and
just after the CaCl, treatment at 0°C, almost all of
Mn still remained in the membranes, although the
17, 23 and 34 kDa proteins had been completely
removed from the membranes. Furthermore, when
the CaCl-treated PS II was resuspended in buffer-
solution A containing 15 mM sodium cholate at
0.5 mg Chl/ml and incubated in the dark at 0°C,
the release of Mn from the membranes was very
slow, as shown in Fig. 2a. However, when the
incubation was carried out at 25°C, an abrupt
release of Mn from the membranes was observed.
The corresponding results obtained with untreated
PS II and the different preparations of recon-
stituted PS II are shown in Fig. 2b. In the mem-
branes reconstituted with the three proteins and
lipids, reconstituted PS II (17, 23, 34, ¢), 3.8 Mn
atoms per 220 Chl were retained, and warming
them to 25°C did not cause the release of Mn.
Similar results were obtained from membranes
reconstituted with the 34 -kDa protein and lipid,
reconstituted PS II (34, 1). Contrary to these re-
sults, reconstituted PS II lost 0.8 Mn atoms per
220 Chl during the reconstitution process and
released Mn very rapidly when warmed to 25°C.
Both the 17 and 23 kDa proteins were unable to
substitute for the 34 kDa protein in the stabiliza-
tion of Mn (data not shown). The addition of the
three proteins to the reconstitution mixture after
1.5 h incubation at 25°C did not lead to rebinding
of released Mn to the membranes.

As mentioned above, isolation of the 34 kDa
protein with retention of Mn was reported by two
different groups [16,17]. As regards the isoelectric
aspect, the proteins isolated by the two groups are
considered identical to the lumen-surface 34 kDa
protein examined in the present work. From the
results obtained in those studied, the 34 kDa pro-
tein was suggested to be a Mn-binding protein in
the water-splitting complex. This idea, however, is
inconsistent with the data obtained in the present
work. As exhibited in Fig. 2a, the PS II particles
completely depleted of the three proteins by CaCl,
treatment can retain Mn at least for 4 h, as long as
it is incubated at 0°C, although they had lost the
O,-evolving activity. Readdition of the three pro-
teins to these depleted particles restored the O,-

Mn atoms / 220 chl
~N

0 1 L 1 1
0 1.0 20 30 40
Incubation Time , hr

Mn atoms / 220 chl

0 1 i i 1
0 1.0 20 30 40

Incubation Time , hr

Fig. 2. Release of Mn from the PS II, CaCl,-treated PS Il and
reconstituted PS 11 prepared under different conditions. (a)
Release of Mn from the CaCl,-treated PS 1l at temperatures
0°C (O) and 25°C (v). (b) Release of Mn at 25°C from the PS
11 and from reconstituted PS I1 prepared under different condi-
tions: (O) PS II; (QJ) reconstituted PS 11 (17, 23, 34, /). (a)
reconstituted PS II (34, ¢); (v) reconstituted-PS 11 ().

evolving activity at almost the same level as in the
original PS II, as will be shown later. Accordingly,
after complete liberation of the three proteins from
the membranes, Mn is considered able to remain
in the native site of the water-splitting complex in
a reversibly inactivated state. This inactivated Mn
may be very labile compared with Mn in the



native state, because contrary to the case of the
original PS II, Mn in the PS II, lacking the 34 kDa
protein, is rapidly released from the membranes by
increasing the temperature. Consequently, the 34
kDa protein is not a Mn-binding protein, but it is
inferred that it stabilizes a conformation of the
water-splitting reaction center suitable for Mn to
settle in the native sites.

The effects of the 34, 23, and 17 kDa proteins
on the O, evolution were reexamined by compar-
ing the restoration of the O,-evolving activities of
the different preparations of reconstituted PS II.
The assay was done at 25 and 0°C, as a function
of the Cl~ concentration. The results obtained at
25°C and shown in Fig. 3a clearly demonstrate the
roles of the 17 and 23 kDa proteins in modifying
Cl™ requirement on the activation of Mn in the
water-splitting reaction center, in agreement with
previous results {18]. The specific mechanism for
the modification of C1~ requirement on the activa-
tion of Mn in the water-splitting complex by the
23 and 17 kDa proteins is not yet clear. Certain
amino-acid residues in these proteins themselves
may act as Cl~ in activating Mn in the complex.
Alternatively, the presence of these proteins in the
membranes may increase the affinity for Cl™ of
the water-splitting reaction center as suggested by
Andersson [13] as the role of the 23 kDa protein.
At the present stage, no possibility can be ruled
out. The requirement of Cl~ observed in each
reconstituted PS I was specific for CI~ and not
substituted by SO; ~. On the contrary, the addition
of Na,SO, to the assay medium at a level of 50
mM results in the significant reduction of O,
evolution in each sample, including PS 11, when
C1~ was not added in the assay medium. This
inhibition of O, evolution by SO}~ was reversibly
removed by the addition of Cl~, suggesting that
the inhibition is due to competition between SO2 ™~
and C1~ for the Cl -binding site in the water-split-
ting complex. The present data shown in Table 111
for PS 11 qualitatively agree with the results re-
ported by Itoh and Ueno [24].

Since Mn rapidly releases from the PS II par-
ticles depleted of the three proteins when kept at
25°C, the possibility that the loss of O,-evolving
activity of the CaCl,-treated PS II at 25°C is due
to the loss of Mn during the assay, rather than the
depletion of the three proteins, still remains. This
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Fig. 3. Effect of Cl™ concentration on the O,-evolving activity
of PS 1I and reconstituted PS II, prepared under various
conditions: (@) PS.II particles (the particles were washed with
buffer-solution A prior to the assay); (O) reconstituted PS II
(17, 23, 34, ¢), 17 . kDa .protein/23 kDa protein/34 kDa
protein/lipids /Chl ratio, 0.45,/0.60,/0.60,/3.0/1.0 (w/w); (&)
reconstituted PS II (23, 34, #), 23 kDa protein/34 kDa pro-
téin /lipids /Chl ratio, 0.60./0.60,/3.0/1.0; (¥) reconstituted PS
H (17, 34, ¢), 17 kDa protein/34 kDa protein/lipids/Chl
ratio, 0.45,/0.60,/3,0/1.0; (O) reconstituted PS I1.(34, ¢), 34
kDa protein/lipids/Chl ratio, 0.60,/3.0/1.0; (a) reconstituted
PS 11 (¢), lipids /Chl ratio, 3.0/1.0. The assays were carried out
in buffer-solution A containing various amounts of NaCl. (a)
Data obtained at 25°C. (b) Data obtained at 6°C.

possibility may be checked by comparing the O,-
evolving activities of ‘PS'II and CaCl,-treated PS
II-at 0°C. The data are shown in Fig. 3b, together
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with the results for reconstituted PS II (34, ¢) and
reconstituted PS II (17, 23, 34, ¢). The results
shown in the figure clearly indicate that the 34
kDa protein is required for not only the stabiliza-
tion of Mn but also the functioning of the water-
splitting complex. Although the absolute activity
of each sample at 0°C is reasonably lower than the
corresponding value at 25°C, the Cl~ concentra-
tion dependency of the activity obtained at 0°C is
almost identical to that obtained at 25°C for all of
the samples studied.

Effects of three proteins and Cl ~ on the low-temper-
ature EPR spectra of the water-splitting complex.

Fig. 4 shows the EPR spectra of PS II and the
differently prepared reconstituted PS II observed
at 8.0 £0.5 K and at a microwave power of 40
mW, in the presence of 20 mM Cl~. As a refer-
ence, a spectrum for a non-illuminated PS II
(dark-adapted) is included at the top of the figure
together with noise level (spectrum A). Spectrum B
was obtained with a PS II sample illuminated at
195 K for 5 min. As expected under these condi-
tions [21,22,25-27], a large, well-resolved multiline
signal attributed to the S, state of the water-split-
ting enzyme appeared between 2600 and 4000 G.
When the temperature, Chl concentration and EPR
tube diameter were fixed, the spectrum was rea-
sonably reproducible both in line shape and inten-
sity. Spectra C through G represent disappearance
and recovery of the light-induced multiline signal
upon various treatments of the PS II preparation.
Corresponding results obtained with the samples
to which no Cl~ was added are shown in Fig. 5.
The light-induced multiline signal was observed in
the PS II (spectrum A) and reconstituted PS IT (17,
23, 34, ¢) (spectrum E) without the addition of
Cl7, although the intensities were reduced by a
factor of 1.7, respectively. While, for both recon-
stituted PS 11 (23, 34, ¢) and reconstituted PS II
(34, ¢), removal of C1~ from each sample solution
caused the disappearance of the multiline signal
which was observed in the presence of 20 mM Cl1~
(spectra B and C, respectively).

The effect of the CaCl, treatment on the EPR
spectrum of the PS I, measured after illumination
by one short flash, is shown in Fig. 6. Comparing
spectra A and B and A and C, one may observe
that the periodic multiline signal designated by
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Fig. 4. EPR spectra of the PS II and differently prepared
reconstituted PS II in the presence of 20 mM Cl~. (A) Dark-
adapted PS Il at 273 K; (B) PS Il illuminated; (C) recon-
stituted PS II (¢) illuminated; (D) reconstituted PS II (17, 23,
¢) illuminated; (E) reconstituted PS 1I (34, ¢) illuminated; (F)
reconstituted PS II (23, 34, ¢) illuminated; (G) reconstituted
PS 11 (17, 23, 34, ¢) illuminated. Illumination on each sample
was carried out at 195 K for 5 min after dark-adaptation.
EPR-measurement conditions were: temperature, 8.0+0.5 K;
microwave frequency, 9.240 GHz; power, 40 mW; modulation
frequency, 100 kHz; modulation ampltiude, 20 G.

bars is developed in PS II by a single-flash il-
lumination, but not in PS II treated with 1 M
CaCl,, although a considerably large irregular sig-
nal appeared. Thus, the removal of the three pro-
teins seems to inhibit the S, — S, transition of the
water-splitting complex.

The effect of Na,SO, treatment on the forma-
tion of the multiline EPR signal in the PS II
particles was examined with microwave powers of
20 mW and 0.2 mW as is illustrated in Fig. 7.
After treatment with 50 mM Na,SO,, the ability
of PS II to develop a muitiline signal was drasti-
cally reduced when Cl~ was not added in the
sample solution (spectrum A), but it recovered by
the addition of 100 mM NacCl at a level almost the
same as that in the original PS II (spectrum B). In
addition to this behavior, Mn(II) signal designated



Magnetic Field , gauss

Fig. 5. EPR spectra of the PS II and differently prepared
reconstituted PS II in the absence of Cl™. (A) PS II il-
luminated; (B) reconstituted PS II (34, ¢) illuminated; (C)
reconstituted PS II (23, 34, ¢) illuminated; (D) reconstituted
PS IT (17, 23, ¢) illuminated; (E) reconstituted PS 11 (17, 23,
34, ¢) illuminated. Illumination and EPR measurements were
carried out as in Fig, 4.

by six arrows, appeared in the Na,SO,-treated PS
Il containing no Cl1~ when the microwave power
was set at 0.2 mW, but it was substituted by the
multiline signal upon the addition of 100 mM
NacCl.

In order to examine quantitatively the relation-
ship between the intensity of the multiline signal
and O,-evolving activity, the signal intensity was
estimated from the addition of the peak-to-peak
heights of three well-defined low-field lines (2830,
2915 and 3005 G). In Table II, the results are
summarized and compared with the O,-evolving
activity. As shown in the table, remarkable similar-
ities in the protein requirements and Cl -con-
centration dependency between the light-induced
multiline signal intensity and the O,-evolving ac-
tivity were observed in the reconstituted PS II
preparations. Apparent parallelism between the
multiline signal and O,-evolvin activity was
noticeable also in the Na,SO,-treated PS II, as
shown in Table III.

From the present findings shown in Figs. 4 and
5 and Tables II and I1I, we may propose that the
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Fig. 6. Effect of the CaCl, treatment of PS Il on the EPR
spectrum obtained after one short flash illumination. (A)
Dark-adapted PS II: (B) PS Il illuminated for 5 min with
continuous light at 195 K; (C) PS II illuminated with a single
laser pulse at 273 K; (D) CaCl, treated PS 11 illuminated with
a single laser pulse at 273 K. EPR-measurement conditions
were: temperature, 4.6 +0.4 K; microwave frequency, 9.240
GHz: power, 20 mW; modulation frequency, 100 kHz: mod-
ulation amplitude 20 G.

17, 23 and 34 kDa proteins participate in the
formation of the S, state. This proposal is sup-
ported by the fact that the ability of PS II to
develop the multiline signal upon illumination with
a single flash after dark-adaptation is lost by the
depletion of the three proteins (Fig. 6). Recently
Franzen et al. [28] found that washing PS II par-
ticles with 1 M NacCl to remove the 17 and 23 kDa
proteins induced an inhibition of the formation of
the multiline signal, but C1~ depletion of the PS 11
particles did not. From these findings, they sug-
gested that the mechanism of the inhibition of O,
evolution by NaCl washing does indeed differ
from that by Cl~ depletion, and that the Cl-
depletion may inhibit the S, — S, transition, al-
though they pointed out the possibility of an alter-
native explanation. As mentioned before, it was
not possible to exclude the presence of a small
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Fig. 7. EPR spectra of the Na,SO4-treated PS II with and
without C1". (A and C): Na,SO,-treated PS II without C17; (B
and D): Na,SO,-treated PS 1I with 100 mM C1~. Both samples
were illuminated with continuous light for 5 min at 195 K.
EPR-measurement conditions for A and B were: temperature,
8.0+ 0.5 K; microwave frequency, 9.240 GHz; power, 20 mW;
modulation frequency, 100 kHz; modulation amplitude, 20 G,
and for C and D: temperature, 4.6 + 0.4; microwave frequency,
9.240 GHz; power, 0.2 mW; modulation frequency, 100 kHz;
modulation amplitude, 20 G.

TABLE II

TABLE III

COMPARISON OF THE EPR MULTILINE SIGNAL IN-
TENSITY AND THE O,-EVOLVING ACTIVITY IN PS II
AND Na,SO,-TREATED PS 11

EPR measurements were carried out at 8.0+0.5 K and at a
microwave power of 20 mW. The intensity of multiline signal
for each sample was calculated relative to the value of the PS II
in the presence of 50 mM Cl~.

Sample Oxygen Signal
evolution intensity
(pmol O, /
mg Chl per h)
PS IT with 50 mM CI~ 403 100
Na,SO;-treated PS 11
without C1~ 52 trace
Na,SO,-treated PS 11
with 100 mM CI~ 270 68

amount of tightly bound CI in the PS II particles
only by washing with a buffer solution containing
no C17, but an addition of SO;~ at a level of 50
mM to the resulting sample forced tightly bound
C1™ to release from the water-splitting complex.
As shown in Fig. 7 and Table III, the complete
depletion of C1~ by the Na,SO, treatment inhibits
not only the O, evolution but also the formation of
the S, state in the PS II and both inhibitions are
removed by the readdition of Cl™. From these
results, we may conclude that O,-evolving activity
and the multiline EPR signal observed in the PS 11

COMPARISON OF EPR MULTILINE SIGNAL INTENSITY AND THE O,-EVOLVING ACTIVITY IN THE PS II AND

DIFFERENT PREPARATIONS OF RECONSTITUTED PS 11

EPR measurements were carried out at 8.0+ 0.5 K and at a microwave power of 40 mW. The intensity of multiline signal for each
sample was calculated relative to the value of the PS II in the presence of 20 mM Cl™. n.d., not detectable.

Sample 20 mM NaCl 0.5 mM NaCl No added NaCl
O, evolution signal O, evolution Signal O, evolution signal
(pmol O, / intensity  (umol O,/ intensity  (pmol O,/ intensity
mg Chl per h) mg Chl per h) mg Chl per h)
PS1I 448 100 335 - 299 67
Reconstituted PS 11 (17, 23, 34, ¢) 365 86 292 54 203 49
Reconstituted PS II (23, 34, ¢) 315 68 104 18 52 n.d.
Reconstituted PS II (17, 34, ¢) 111 35 75 n.d. 25 n.d.
Reconstituted PS I1 (17, 23, ¢) 54 nd. 32 n.d. 10 n.d.
Reconstituted PS II (34, £) 125 41 74 n.d. 30 nd.
Reconstituted PS II (23, ¢) 55 nd. 37 nd. 10 nd.
Reconstituted PS I (17, £) 50 n.d. 35 n.d. 0 n.d.
Reconstituted PS II (¢) 57 n.d. 36 n.d. 0 nd.




dispersed in the Cl -free solution (see Tables II
and III) and the multiline signal reported in Ref.
28 with Cl -depleted PS II are due to the presence
of strongly-bound Cl~ which may be closely asso-
ciated with the reaction center Mn. Consequently,
Cl™ is indeed required for the S; — S, transition of
the water-splitting complex as well as O, evolu-
tion. The present results concerning the roles of
the three proteins in the formation of the S, state
agree well with the results reported by Casey and
Sauer [22] that the production of the 320 G wide
EPR signal, which possibly originates from a pre-S,
state, was inhibited by the depletion of the 17 and
23 kDa proteins, but they do not agree with the
results of Wensink et al. [19], which suggested that
the 17 and 23 kDa proteins contribute to an S
state transition higher than the S, — S, transition,
nor with the results by Ono and Inoue [20] sug-
gesting that the three proteins contribute to the
S, — S, transition. In a preliminary experiment
concerning the effect of the 17 and 23 kDa pro-
teins and Cl~ on the electron transfer from the
water-splitting complex to the P680* produced
upon a single flash illumination, we obtained evi-
dence that the removal of these two proteins by
washing with 1 M NaCl inhibits the S, — S, tran-
sition of the water-splitting complex in the absence
of Cl7, and that this inhibition was partially
removed by the addition of CI™ to the sample
solution. Details of the results will be published
elsewhere. It is an advantage in the present experi-
ments that the S, state was monitored directly by
the presence of the multiline EPR signal, but
further investigations of the intensity changes in
the multiline EPR signal induced by a train of
flashes are necessary for different preparations of
reconstituted PS II in order to confirm the present
results concerning the functional location of the
proteins in the charge-accumulation steps.

Acknowledgements

We are grateful to Professor Hiroshi Fukuda
for valuable discussion. This work was supported
by Grant-in-Aid for scientific research from the
Ministry of Education, Science and Culture of
Japan (58470136, 58380035, 59040051 and
59540393) and by the special coordination funds
for promoting science and technology from the
Science and Technology Agency of Japan.

211

References

1 Metz, J.G., Wong, J. and Bishop, N.I. (1980) FEBS Lett.
114, 61-66
2 Yamamoto, Y., Doi, M., Tamura, N. and Nishimura, M.
(1981) FEBS Lett. 133, 265-268
3 Akerlund, H.-E., Jansson, C. and Andersson, B. (1982)
Biochim. Biophys. Acta 681, 1-10
4 Toyoshima, Y. and Fukutaka, E. (1982) FEBS Lett. 150,
223-227
5 Miyao, M. and Murata, N. (1983) FEBS Lett. 164, 375-378
6 Fukutaka, E., Imaoka, A., Akabori, K. and Toyoshima, Y.
(1983) FEBS Lett. 158, 217-221
Sandusky, P.O., DeRoo, C.L.S., Hicks, D.B., Yocum, C.F,,
Ghanotakis, D.F. and Babcock, G.T. (1983) in The Oxygen
Evolving System of Photosynthesis (Inoue, Y. et al., eds.),
pp. 189-199, Academic Press, Tokyo
8 Akerlund, H.-E. (1983) in The Oxygen Evolving System of
Photosynthesis (Inoue, Y. et al, eds.), pp. 201-208,
Academic Press, Tokyo
9 Yamamoto, Y. and Nishimura, M. (1983) in The Oxygen
Evolving System of Photosynthesis (Inoue, Y. et al., eds.),
pp- 229-238, Academic Press, Tokyo
10 Miyao, M. and Murata, N. (1983) Biochim. Biophys. Acta
725, 87-93
11 Ono, T. and Inoue, Y. (1983) FEBS Lett. 164, 255-260
12 Ono, T. and Inoue, Y. (1984) FEBS Lett. 166, 381-384
13 Andersson, B., Critchley, C., Ryrie, 1.J., Jansson, C., Lars-
son, C. and Anderson, J.M. (1984) FEBS Lett. 168, 113-117
14 Ono, T. and Inoue, Y. (1984) FEBS Lett. 168, 281-286
15 Akabori, K., Imaoka, A. and Toyoshima, Y. (1984) FEBS
Lett. 173, 36-40
16 Abramowicz, D.A. and Dismukes, G.C. (1984) Biochim.
Biophys. Acta 765, 318-328
17 Yamamoto, Y., Shinkai, H., Isogai, Y., Matsuura, K. and
Nishimura, M. (1984) FEBS Lett. 175, 429-432
18 Imaoka, A., Yanagi, M., Akabori, K. and Toyoshima, Y.
(1984) FEBS Lett. 176, 341-345
19 Wensink, J., Dekker, J.P. and Van Gorkom, H.J. (1984)
Biochim. Biophys. Acta 765, 147-155
20 Ono, T. and Inoue, Y. (1985) Biochim. Biophys. Acta 806,
331-340
21 Toyoshima, Y., Akabori, K., Imaoka, A., Nakayama, H.,
Ohkouchi, N. and Kawamori, A. (1984) FEBS Lett. 176,
346-350
22 Casey, J.L. and Sauer, K. (1984) Biochim. Biophys. Acta
767, 21-28
23 Kuwabara, T. and Murata, N. (1982) Plant Cell Physiol. 23,
533-539
24 Ttoh, S. and Ueno, U, (1985) Annual Meeting of the Plant
Physiological Society of Japan, March 28-30, 1985,
Miyazaki, Japan, Abstr. p. 280
25 Blough, N.V. and Sauer, K. (1984) Biochim. Biophys. Acta
767, 377-381
26 Brudvig, G.W., Casey, J.L. .and Sauer, K. (1983) Biochim.
Biophys. Acta 723, 366-371
27 Hansson, O. and Andréasson, L.-E. (1982) Biochim. Bio-
phys. Acta 679, 261-268
28 Franzen, L.-G., Hansson, O. and Andréasson, L.-E. (1985)
Biochim. Biophys. Acta 808, 171-179

~



