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Heat inactivation of oxygen evolution in Photosystem II particles and its
acceleration by chloride depletion and exogenous manganese
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Heat inactivation of oxygen evolution by isolated Photosystem II particles was accelerated by Cl~ depletion
and exogenous Mn?*. Weak red light also accelerated heat inactivation. Heat treatment released the 33, 24
and 18 kDa proteins and Mn from the Photosystem 1I particles. The protein release was stimulated by Cl1~
depletion and exogenous Mn’*, and the Mn release was also stimulated by Cl ~ depletion. A 50% loss of Mn
corresponded to full inactivation of oxygen evolution, whereas no direct correlation seemed to exist between
the loss of any one protein and inactivation of oxygen evolution. Removal of the 24 and 18 kDa proteins from
photosystem II particles only slightly decreased the heat stability of oxygen evolution.

Introduction

It has long been recognized that oxygen evolu-
tion is one of the most heat-sensitive processes in
photosynthesis [1-3]. One direct result of heat
inactivation is the release of functional Mn from
PS II [4-6]. However, little is known about any
heat-induced release of protein components. A
major difficulty in such studies is that the oxygen-
evolving site is located at the inner surface of the
thylakoids, and hence any proteins released would
not be exposed to the outside medium. With the
advent of methods to prepare membrane particles
enriched in PS II, where the oxygen-evolving com-
plex is no longer retained within membrane
vesicles, it is now possible to address this question
more fully.
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Here we describe the effect of C1™ on the heat
inactivation of oxygen evolution by isolated PS II
particles, and the concomitant release of proteins
and Mn from the particles. We also describe the
acceleration of heat inactivation by exogenous
Mn?*,

Materials and Methods

PS II particles were prepared from spinach
chloroplasts with Triton X-100 as described previ-
ously [7] and stored in liquid nitrogen in the
presence of 30% (v/v) ethylene glycol [8]. In some
cases, the particles were washed three times with
300 mM sucrose, 10 mM NaCl and 25 mM Mes-
NaOH (pH 6.5) by centrifugation at 35000 X g for
10 min and resuspension; these particles were des-
ignated Cl™-sufficient particles. In other cases the
particles were washed three times with 300 mM
sucrose and 25 mM Mes-NaOH (pH 6.5) in the
same way as above; these particles were desig-
nated Cl™ -deficient particles. Since no attempt
was made to remove Cl~ from the reagents used,
this medium contained about 0.1 mM Cl~, which
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was detected by a Cl™ electrode. Treatment with
1.0 M NaCl to remove the 24 and 18 kDa proteins,
and with Tris to remove the 33, 24 and 18 kDa
proteins, was performed as described previously
[8].

Heat treatment was carried out for 5 min by
placing a sample (0.3-1.0 ml) of the particle sus-
pension (1.0 mg Chl/ml) in a thin-walled glass
tube, wrapped in aluminium foil, in a heated water
bath. Oxygen evolution with 0.3 mM phenyl-p-
benzoquinone as an electron acceptor, or reduc-
tion of DCIP at 0.06 mM in the presence of 10
mM NH,OH, was assayed at 25°C in a medium of
300 mM sucrose, 10 mM NaCl, 25 mM Mes-NaOH
(pH 6.5) and 0.05% bovine serum albumin [7]
immediately after heat treatment. Each assay mix-
ture for oxygen evolution contained 12 ug Chl/ml.

To measure the release of proteins and Mn, the
particles and medium were separated after heat
treatment by filtration within 40 s through a 0.22
pm filter (Millex-GV, Millipore Corp.) in the case
of protein release, or by centrifugation at about
30°C for 6 min at 15000 X g in the case of Mn
release. The filtrate was subjected to SDS-urea gel
electrophoresis as described previously [9], and
gels were recorded with a dual-wavelength TLC
scanner (Shimadzu CS-910). For the quantification
of protein release, the relative area on the densito-
grams was measured and compared with those of
standards (Tris extract of the same preparation)
run on the same gel. The pellet from centrifugation
was subjected to flameless atomic absorption spec-
trometry [10] for quantification of the Mn which
remained bound to the PS II particles after heat
treatment. Chl was determined according to Mac-
Kinney [11].

Results

Effects of chloride and manganese ions on heat
actwation

The profile of heat inactivation of oxygen
evolution is shown in Fig. 1. Half-inactivation
occurred at 47°C in the presence of 10 mM NaCl
during heat treatment, and 42°C in its absence.
This suggests that Cl~ partially protects the
oxygen-evolving complex from heat inactivation.
A similar protective effect of C1~ on heat inactiva-
tion of the PS II reaction has been observed in
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Fig. 1 Effects of Cl™-depletion and exogenous Mn?* on heat
inactivation of oxygen evolution of PS II particles. C1™-suffi-
cient particles (circles) or Cl™-deficient particles (triangles)
were heated 1n the presence (closed symbols) or absence (open
symbols) of 10 mM Mn(CH,;CO,),. Oxygen evolutton was
assayed at 25°C 1n the presence of 10 mM NaCl

intact thylakoids [12]. The Cl~ requirement for
maximum heat stability depended on pH of the
medium; it was 2 mM at pH 6.5, and 20 mM at
pH 7.6 (data not shown).

The heat inactivation of C1™-sufficient particles
was accelerated by 1.0 mM Mn(CH,CQ,),: the
temperature for half-inactivation was lowered by
2°C (Fig. 1). The half-inactivation temperature of
Cl™ -deficient particles in the presence of exoge-
nous Mn’* was lowered to 36°C (Fig. 1). This
acceleration of heat inactivation was specific to
Mn?*, since the addition of 1.0 mM Mg?* or
Ca’* during heat treatment displayed little or no
effect (Table I). The addition of 1.0 mM
Mn(CH,CO,), to particles after heat treatment
did not have any effect. Thus, the inhibition by
exogenous Mn’* depended on its presence during
heat treatment. Hydroxylamine could almost com-
pletely restore the activity of DCIP reduction in
the particles inactivated by heat treatment either
in the presence or absence of Mn?" (data not
shown), indicating that the inhibition occurred
solely at the water-oxidizing site.

Izawa and co-workers [13,14] reported that ex-
ogenous Mn’" inhibited the Hill reaction of Cl™-
deficient spinach thylakoids at the level of the
water-oxidizing site, and that no inhibition was
observed if 1.0 mM Cl~ was present. However, we
found that the acceleration by exogenous Mn?* of
heat inactivation occurred both in the absence and



TABLE I
EFFECT OF CATIONS ON HEAT INACTIVATION
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C1 -sufficient and Cl~-deficient PS II particles were heated for 5 min at the temperatures shown 1n the presence of the salts indicated
Oxygen evolution was measured in a medium contamning 10 mM NaCl. The Cl -sufficient and Cl -defictent particles were obtained

from separate PS II preparations

Type of Heat treatment Oxygen evolution
particles Temp. Salt added pmol/mg Chl per h (Rel)
°C (1.0 mM)
Cl ™ -sufficient 4 - 222 (100)
(10 mM NaCl) 47 - 120 (54)
47 MgCl, 122 (55)
47 CaCl, 137 (62)
47 MnCl, 48 22)
Cl™-deficient 4 - 328 (100)
(no NaCl added) 41 - 207 (63)
a1 MgSO, 199 (61)
41 Ca(CH;CO,), 189 (58)
41 Mn(CH,CO,), 64 20)

presence of C1~ (Table I and Fig. 1).

We observed that light stimulated heat inactiva-
tion (Table II), with the effect being greater in the
presence of Mn?* than in its absence. A similar
cooperative effect of light and Mn?* was also
observed in intact thylakoids by Muallem and
Izawa [13]. The concentration of Mn?* required
for half-maximal effect was in the range 0.2-0.5
mM and did not appear to change greatly with the

TABLE II

EFFECT OF WEAK RED LIGHT ON HEAT INACTIVATION

level of CI~ present during heat treatment. Simi-
larly, the C1~ requirement for maximum heat sta-
bility did not vary much with the presence or
absence of Mn?* during heat treatment (data not
shown).

Table III shows that there was some interaction
between the effects of Cl1~ deficiency and exoge-
nous Mn**. When 10 mM NaCl was added to
particles heated in the absence of C1~ and Mn?*,

C1~-deficient PS II particles were treated for 5 min at the temperatures shown i the presence of salts erther in the dark, or light (645
nm, 5 W/m?). Oxygen evolution was assayed mn a medium containing 10 mM NaCl L and D represent light and dark conditions,

respectively.

Heat treatment

Oxygen evolution

Temp. [NaCl) [Mn(CH;CO,),] LorD pmol/mg Chl per h (Rel)
°0) (mM) (mM)

4 10 - D 328 (100)

41 - - D 207 (63)

- - L 175 (53)

- 10 D 64 19

- 1.0 L 21 6)

45 10 - D 223 (68)

10 - L 165 (50)

10 10 D 126 (38)

10 1.0 L 47 (14)
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TABLE III

PARTIAL RECOVERY OF OXYGEN EVOLUTION BY
ADDITION OF ClI- TO Cl1 -DEFICIENT HEAT-IN-
ACTIVATED PS II PARTICLES

Cl~-deficient PS II particles were treated for 5 min as shown,
and oxygen evolution was assayed in the absence or presence of
10 mM NaCl (added during the assay). Numbers in parenthe-
ses represent relative activities of oxygen evolution.

Treatment Oxygen evolution
Temp Salt added (pmol/mg Chl per h)
°O during heat —Na(Cl +10 mM NaCl
treatment
4 - 264 (82) 321 (100)
43 - 86 (27) 212 (66)
43 Mn(CH,CO,),
1.0 mM 34 (11) 46 (14)
4 - 212 (74) 295 (100)
48 - 28 (10) 66 (22)

there was a considerable increase in the rate of
oxygen evolution, well above that observed when
10 mM NaCl was added to unheated Cl™ -deficient
particles. That is, part of the heat inactivation of
Cl™ -deficient particles could be reversed by the
addition of Cl~. However, if the Cl™-deficient
particles were heated in the presence of Mn?*, this
Cl™ -induced recovery did not occur.

Release of proteins and Mn by heat treatment

The dependence of protein release on temper-
ature of heat treatment is shown in Fig. 2. In
particles heated without exogenous Mn?*, the 33
and 24 kDa proteins were partially released,
whereas the 18 kDa protein was not. C1™ deple-
tion stimulated heat-induced release of the 33 and
24 kDa proteins. In particles heated with exoge-
nous Mn?*, all three proteins were released. A
protein of about 13 kDa was also released from
the particles on heat treatment in the presence of
Mn?*, but the extent of this release appeared to
be the same at all temperatures used. The release
of the 24 and 18 kDa proteins, but not the 33 kDa
protein, was stimulated by exogenous Mn’*. In
the presence of exogenous Mn**, the release of the
three proteins was further stimulated by Cl~ de-
pletion. Fig. 3 shows the relationship between
oxygen-evolution activity and proteins remaining
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Fig. 2. Release of proteins after heat treatment of Cl™-suffi-
cient and Cl~ -deficient PS II particles. Symbols are the same
as in Fig. 1 Other details are given in Matenals and Methods

after heat treatments of Cl™ -sufficient particles in
the absence of exogenous Mn’*. Similar plots
were made for Cl™ -sufficient particles with exoge-
nous Mn?* and for Cl™-deficient particles with
and without exogenous Mn?* . In all the cases, the
loss of oxygen-evolution activity preceded the re-
lease of any one of the three proteins.
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Fig 3. Relationshup between oxygen-evolution activity and
proteins remaining bound after heat treatment of Cl -sufficient
PS II particles without exogenous Mn** at various tempera-
tures. Data are taken from Figs. 1 and 2 33 kDa protein
(O 0O); 24 kDa protein (a------ 2), 18 kDa protein
@ o).
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Fig. 4. Release of Mn after heat treatment of Cl ~-sufficient and
Cl™-deficient PS II particles. Mn remaining bound was assayed
after heat treatment of Cl -sufficient (@ ®) and Cl™-de-
ficient (a---a) PS II particles. Oxygen-evolution activity was
assayed at 25°C m the presence of 10 mM NaCl after heat
treatment of Cl -sufficient (O 0O) and Cl -deficient
(a---2) PS 11 particles. Inset, relationship between the oxygen-
evolution activity and Mn remaining bound after heat treat-
ment at various temperatures in Cl -sufficient particles.

The dependence of Mn release on the temper-
ature of the heat treatment 1s shown in Fig. 4. C1~
depletion also stimulated the Mn release as the
protein release. The relationship between the Mn
remaining bound and the oxygen-evolution activ-
ity after heat treatment of Cl -sufficient particles
(inset of Fig. 4) indicates that the complete in-
activation of oxygen evolution occurred with 50%
loss of Mn. Since four Mn atoms exist in each
oxygen-evolving complex accompanied by about
220 Chl molecules [15], this result suggests that
loss of two of the four Mn atoms on heat treat-
ment leads to complete inactivation of oxygen
evolution.

Comparison of the present results on protein
and Mn release with those previously reported
shows some discrepancies. Yamamoto and
Nishimura [16] reported that heat treatment at
50°C for 3 min of their PS II preparation caused
the release of 98% of the 33 kDa protein and 80%
of the Mn, whereas only 28% of the 24 and 22% of
the 18 kDa proteins were lost under the same
conditions. Franzén and Andréasson [17] reported
that their preparation of deoxycholate-extracted
thylakoid membranes lacking the 24 and 18 kDa
proteins lost about 80% of the 33 kDa protein and
about one-fourth of Mn when it was heated at
55°C for 3 min. The reason for these discrepancies
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TABLE 1V

EFFECT OF REMOVAL OF 24 AND 18 kDa PROTEINS
ON HEAT INACTIVATION

PS II particles depleted of the 24 and 18 kDa proteins (NaCl-
treated particles) were prepared by treating Cl ~-sufficient par-
ticles with 1.0 M NaCl at 0°C for 30 mun [8}. The control
consisted of Cl™-sufficient particles treated under the same
conditions but in 10 mM NaCl instead of 1.0 M NaCl. Heat
treatment was carried out at the given temperatures, and oxygen
evolution was assayed in the presence of 10 mM NaCl. The
numbers in parentheses represent the percentage of oxygen-
evolution activity.

Type of Oxygen evolution
particles (umol O, /mg Chl per h)

Temp. (°C). 4 43 46 48
Control 262 (100) 193 (74) 175 (67) 120 (46)

NaCl-treated 134 (100) 80 (60) 72(54) 48 (34)

between our results and those of other groups is
not clear, but they may have originated from the
different membrane structures of the PS II pre-
parations.

Effect of removal of the 24 and 18 kDa proteins on
heat nactivation

As heat treatment with exogenous Mn?* caused
a much greater loss of the 24 and 18 kDa proteins,
we investigated whether the removal of these pro-
teins would alter the heat stability of the particles
or abolish the effect of exogenous Mn**. We
treated PS II particles with 1.0 M NaCl to remove
the 24 and 18 kDa proteins [8], and then compared
their heat stability with that of an untreated sam-
ple (Table IV). Removal of the two proteins de-
creased, but not greatly, the heat stability of the
particles. Exogenous Mn?* still accelerated heat
inactivation of the NaCl-treated particles (data not
shown). Hence, exogenous Mn?* does not exert its
effect primarily by enhancing the removal of the
24 and 18 kDa proteins; this appears to be a
secondary effect which may contribute partially to
the decline in oxygen evolution.

Discussion
It has been recognized that Cl~ is a necessary

factor for oxygen evolution in intact thylakoids
[18-21] as well as in PS II particles [22,23]. The
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Cl™ depletion in the thylakoids blocks the ad-
vancement of the S state of oxygen-evolving ma-
chinery from S, to S; [24,25]. This C1~ effect may
be related to the stimulation of heat inactivation
of oxygen evolution by Cl~ depletion studied here.
However, further studies are needed in order to
understand the molecular mechanism for the ef-
fects of C1~ depletion on the oxygen-evolving com-
plex.

There are a number of parallels between our
work with PS II particles and those of Izawa and
co-workers [13,14] with Cl -depleted thylakoids;
the inhibition of oxygen evolution by treatment
with exogenous Mn?* and the exacerbation of this
effect by weak red light. The major difference is
that, in our results, exogenous Mn?* stimulated
the heat inactivation in Cl -sufficient PS II par-
ticles, whereas unheated thylakoids required the
absence of Cl~ for the effect to be observed [13}.
This may suggest that heat treatment makes the
particles appear functionally Cl -deficient and
hence renders the particles susceptible to attack by
exogenous Mn?*. In fact, early methods for Cl~
depletion of thylakoids sometimes required heat-
ing the thylakoids [18].

It has been reported that Mn’* can act as a
donor to PS II at concentrations as low as 12 uM
[26]. Dilution of the heated samples for assay of
oxygen evolution would leave this final concentra-
tion of Mn?" in the assay medium. However, as
there was no effect of adding Mn®* after heat
treatment, it is very unlikely that the released
Mn?* was acting as an electron donor in the
heated particles. At present we can offer no ex-
planation as to why exogenous Mn?* should
facilitate the release of the 24 and 18 kDa proteins.
This may be partly an electrostatic effect, espe-
cially with the 18 kDa protein. Obviously this is an
area worthy of further study.

Heat inactivation, and protein and Mn releases,
were all stimulated by Cl~ depletion, suggesting
that the protein and Mn releases are related to
heat inactivation of oxygen evolution. Our previ-
ous study on the stoichiometry of components in
PS II particles [15] showed that there are four Mn
atoms and one molecule each of the 33, 24 and 18
kDa proteins per oxygen-evolving complex. In
either urea-treated [10], or (urea + NaCl)-treated
PS II particles [27], oxygen-evolution activity is

lost when two of the four Mn atoms are released
from the particles. These results are very similar to
those of the heat treatment of PS II particles in the
present study, which inactivated oxygen evolution
with concomitant loss of the two Mn atoms.
Therefore, we conclude that the loss of two Mn
atoms from the oxygen-evolving complex is the
major action of the heat inactivation of oxygen
evolution in PS II particles. The proportion of
protein release, on the other hand, was always
smaller than that of the activity loss (Fig. 3). This
suggests that the partial protein release may con-
tribute, in part, to the heat inactivation and may
have made the relationship between the Mn re-
lease and oxygen-evolution activity (Fig. 4, inset) a
curved, rather than straight, line.

Acknowledgements

D.N. was supported by an Australian Govern-
ment Fellowship under the Australia-Japan Sci-
ence and Technology Agreement. This work was
also supported in part by Grants-in-Aid for En-
ergy Research (59040054) and Cooperative Re-
search (58340037) to N.M. from the Japanese
Ministry of Education, Science and Culture.

References

[

Katoh, S. and San Pietro, A (1967) Arch. Biochem Bio-

phys. 122, 144-152

Yamashita, S. and Butler, W L (1968) Plant Physiol 43,

2037-2040

3 Santanus, K.A. (1975) J. Thermal Biol. 1, 101-107

Homann, P H. (1968) Biochem. Biophys Res Commun 33,

229-234

5 Chemae, G.M. and Martin, .LF (1970) Biochum Biophys
Acta 197, 219-239

6 Wydrzynski, T. and Sauer, K (1980) Biochim. Biophys
Acta 589, 56-70

7 Kuwabara, T. and Murata, N (1982) Plant Cell Physiol. 23,

533-539

Miyao, M. and Murata, N. (1983) Biochum Biophys Acta

725, 87-93

9 Kuwabara, T. and Murata, N. (1983) Plant Cell Physiol. 24,
741-747

10 Miyao, M. and Murata, N. (1984) Biochum. Biophys. Acta
765, 253-257

11 MacKinney, H G. (1941) J Biol. Chem. 140, 315-322

12 Coleman, W.J, Baianu, I C, Gutowsky, HS and Govind-

jee (1984) m Advances in Photosynthesis Research

(Sybesma, C, ed.), Vol 1, pp. 283-286, Martinus

Nyhoff /Dr W. Junk Publishers, Dordrecht

N

H

o0



13
14

15

16

17

18

19

Muallem, A. and Izawa, S. (1980) FEBS Lett. 115, 49-53
Muallem, A., Farineau, J, Laine-Boszormenyi, M and
Izawa, S. (1981) in Photosynthesis II. Electron Transport
and Photophosphorylation (Akoyunoglou, G., ed.), pp
435-443, Balaban International Science Services, Phila-
delphia

Murata, N, Miyao, M., Omata, T, Matsunam, H. and
Kuwabara, T (1984) Biochim. Biophys. Acta 765, 363-369
Yamamoto, Y. and Nishimura, M (1983) in The Oxygen
Evolving System of Photosynthesis (Inoue, Y, Crofts, A.R
Govindyee, Murata, N., Renger, G and Satoh, K., eds ), pp.
229-238, Academuc Press Japan, Tokyo

Franzén, L.-G and Andréasson, L -E. (1984) Biochim. Bio-
phys. Acta 765, 166-170

Hind, G., Nakatani, HY and Izawa, S. (1969) Biochim
Biophys. Acta 172, 277-289

Heath, R L. and Hind, G. (1969) Biochum. Biophys. Acta
180, 414-416

20

21

22

23
24

25

26

27

133

Kelley P.M. and Izawa, S (1978) Biochim. Biophys Acta
502, 198-210

Theg, SSM and Homann, PH (1982) Biochim. Biophys.
Acta 679, 221-234

Akabon, K., Imaoka, A. and Toyoshuma, Y (1984) FEBS
Lett. 173, 36-40

Miyao, M. and Murata, N. (1984) FEBS Lett. 180, 303-308
Itoh, S, Yerkes, C.T., Koike, H., Robinson, H.H. and
Crofts, A R. (1984) Biochum. Brophys. Acta 766, 612-622
Theg, S M., Jursinic, P.A. and Homann, P H. (1984) Bio-
chim. Biophys. Acta 766, 636646

Velthuys, B. (1983) in The Oxygen Evolving System of
Photosynthesis (Inoue, Y, Crofts, A R., Govindjee, Murata,
N., Renger, G and Satoh, K, eds.), pp. 83-90, Academic
Press Japan, Tokyo

Miyao, M. and Murata, N (1984) FEBS Lett. 170, 350-354



