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The activities of photosynthetic water oxidation and of the primary stable charge separation have been ivestigated as i furction
of the concentration of various salts by measuring fiash-induced onygen yiclds and absorption changes ot 320 nm due 0 O
reduction. (1) At low salt concentrations. water oxidation is inhibited, whereas the charge separation is not alfected. (2) The
former can be reactivatod by salts containing neither calcium nor chloride {e.g.. Na-SO, ) indicat:ng that these jons are nat
essential cofactors of water oxidation. (3) At higher concentrations. certain salts (c.g.. CaCl ) reversibly inhibit water oxidation
and in the range of molar concentrations also the primary stable charge separation. (4) These activating and inhibting cffects are
explained by cquilibria between active and inactive conformational states of PS . These equilibria depend on the concentrations
and propertics of the various salts. (5) Arguments are given that, also in higher plants. salt-dependent conformational states ure

responsible for the salt cffects.

Introduction

Photosynthetic water oxidation starts with a light-in-
duced charge separation [1] between a special chloro-
phyli a (P-680, Chl-a,,}[2] and a special plastoquinonc.
Q, [3). via a pheopiytin [4]). The oxidized P680 " iy
rereduced by a tyrosine [S-7). which in turn consecu-
tivelv extracts four clectrons out of the water-oxidizing
complex. The latter, usually designated OQEC (oxygen-
evolving complex). is thereby oxidized to the states S,
S.. S; and S,. S, returns spontaneously to the least
oxidized state. S,. together with the release of oxygen
due to the oxidation of 2H,0 {8.9).

Abbreviations: Chl chlorophyll: 8-DM. dudeay] g-p-maitoside: DIl
D2. intrinsic reaction centre proteins of PS H; GdmCl guamdimium
chloride: HMCM. 20 mM Hepes-Na ‘03 M manmtol 20 mM
CaCl, /10 mM MgCl,o MMOM. av HMOM. anly 20 mM M
instead of Hepes: OEC, oxvgen-evohing comples: PR&U. priman
donor of PS H: Q. primary stable gainone acceptor of PS 1L SE 12
sulfobetaine 12,

Correspondence: E. Schlodder. Mas-Volmer-instinut, Technische
Universitat. Berbin, Strasse des 170 Juns 1350 D200 Berlin 12,
Germany,

These reactions take place within the protein com-
plex Photosystem H (PS 1D formed by at least seven
subunits. Two of these are the intrinsic, ve.. membrang
spanning. DI and D2 proteins. They contain the com-
ponents active in the priman photoreaction {0 Three
extrinsic proteins of 33 25 and 17 kDa molecular mass
piay @ role m water oxidation [11121 The laaer o
are, however. not present in canobacterid PS O
[13.13].

Essential for photosyathetic water oxidation are abo
inorganic cofuctors. The most promment of these s
manganese. which stores the redoy cguivalents within
the OLC (for review see Ret 150 Al calaum and
chloride are considered to be cssential cotactors thai
can only be substituted by very similar ions like Sr7° as
cation and Br and NO: as amons (for review sec
Refs. 16-18). This rofe of Ca”~ and €1 is indivated by
resuts obtained with PS I trom higher plants. There.
the requirement tor these ions has been tound to he
strongly influenced by the extrinsic 17 and 23 kDa
proteins [19] Usually the caleium requirement can b
obsenved only in the absence of these proteins,

We have avoided this interference by using isolated
PS I complexes rom a thermophilic evanobacterium,
Sveechococeus sp.. which lacks these two extrinsic pro-
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teins. A different cation requirement comyred 1o
higher plant has already been obsenved with other
species of eyanobacteria [20-22]0 Furthermore. we
studied the eftect of salts on water oxidation by mea-
suring tlash-induced oxygen vields with a ZrO--oxygen
sensor [23], This method is much less susceptibie to
effects on the aceeptor side of PS 1 than measuring
rates of oxveen evolution. 1t is well known that silts
also play a role i the functioning of the aceeptor side
[24]. We therefore additionally checked the functional
integrity of the acceptor side by measuring the amounts
of photoreducible Q. A preliminary report on some of
the folfowing results has been presented at the VIth
International Congress on Photosynthesis in Stockholm
(1989) {25].

Materials and Methods

O,-cvolving complexes from the cyanobacterium
Svuechococcus sp. hine been prepared according to
Refs. 26 and 27, They were stored at ~80°C in 20 mM
Mes-Na (pH 6.5, 20 mM CaCl.. 10 mM MgCl,. ap-
prox. 1 M sucrose and 0-0.06°¢ SBI2. Oxygen yield
was meaured as deseribed in Ref. 23 with 2 mM
Ki[FetON) } and (.2 mM phenyl-p-benzoguinone as
acceptors ((Chi} = 1030 gM). The activity of un-
treated samples was 2.1 to 3.1 mmol O, per mol Chl
per flash.

Photoreducible Q was determined from the initial
amphitude of the flash induced absorption change at
320 am with 2 mM K [Fe(CNy, ] and 0.2 mM 2.5-di-
chloro-p-benzoguinone  as  acceptors ([Chl] = 40-70
©M). Manganese was determined by atomic absorption
spectrophotometry as will be described elsewhere [39].

Cland Ca® concentrations have been determined
with son-sclective electrodes having a Jd wection limit of
10 uM Cloand 5 M Ca™”. Determinations were
made by vway of multiple standard additions using the
method according tu Gran [28]. Readings of the EMFE
were taken for the sample iselt and after cach addi-
tion of standard solution. Using a calibration curve,
these EME values were converted to activities, which
were plotted against the concentration of added stan-
dard. yiclding a straight line. The original concentra-
tion in the sample is then given by the negative inter-
cept with the abscissa. This method allows determina-
tions of jons practically independent of ihe sample
matrix. The level of contaminations of the stock solu-
tions {buffers and saltsh by Ca” ™ and Ct was found to
be below the detection limit.

Salt exchange was performed by gel filtration using
PD-10 columns by Pharmacia with Sephadex G 25 M.
These columns, with an upper exclusion limit of 5 kDa,
are very efficient in removing small molecules and ions,

reducing their concentrations by a factor of at least 500
{29].

Results

Reactivation of water oxidution by CaCl, after salt
depletion

To remove the salts contained in the storage buffer,
the PS 1 complexes were transferred into other buffer
media by gel-filtration, thereby reducing the CaCl,
concentration to less than 25 M. If no additional salts
were present, oxygen cvolution was inhibited by more
than 80% (Fig. 1). The inhibition was reversed by
adding 20 mM CaCl,.

The inhibition becomes irreversible with extended
incubation time in the absence of sufficient salt. The
irreversible loss of oxygen yicld is paralleled by a loss
of manganese, while the vicld of photoreducible Q, is
practically unaffected. As an example. Fig. 2 shows the
relative vields of oxygen and Q4 as well as the relative
amount of mangancse bound to PS 11 as a function of
the incubation time in the presence of 10 mM NaCl at
pH 7.5. Similar results were obtained at pH 6.5 and
different salt concentrations (5 mM NaCl, 20 mM
Na,S0,. 40 mM Na,HPO,/NaH,PO,, not shown).
The irreversible inactivation is accelerated by reducing
the salt concentration. In the presence of 20 mM
CaCl, /10 mM MgCl., no loss of oxygen yield occurs
for at least 10 h at room temperature [29].

In order to distinguish between reversible inhibition
and irreversible inactivation by the low salt treatment,
the dependence of O, vield on the concentration of
CaCl, has been investigated as follows. Immediately
after gel-filtration the amount of CaCl, indicated in
Fig. 3 was added to the cluate. One part of it was
prepared for oxygen measurement and illuminated
about 25 min after gel-filtration by 40 flashes (open
circles in Fig. 3. top). To the other part (control sam-
ple) a saturating amount of CaCl, (20 mM) was added
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Fig 1 O, vield induced by 40 flashes spaced 1 s apart, with (1.984

nmol 043 and witheat (0327 ameol O, ) readdinon of 20 mM CaCl,

after gel Giltration (30 mM Moes-Nu (pH 6.5)/0.3 M masnstol) ((Chb
1 M. sample volume 1 ml).
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Fig. 2. Relative yield of flash-induced O, and Q4 formation and the
relative amount of Mn bound to PS 11 as a function of the incubation
time in the presence of 10 mM NaCl /20 mM Hepes-Na (wH 7.5) /0.3
M mannitol. The samples were transferred into this medium by gel
filtration. 20 mM CaCl, /10 mM MgCl, were added after the

indicated incubation times to stop the deactivation of oxygen evolu -

tion.

at the time of illumination of the first part. To correct
for irreversible effects the oxygen vield was normalized
to the subsequently measured vield of the control sam-
ple (closed circles i Fig. 3, top). The normalized data
are presented in Fig. 3. bottom. Half-maximal activity
is reached at about 130 uM CaCl..

Reactivation of water oxidation by other salts

The above results are in good agreement with those
obtained with PS Il from higher plarts. However, other
salts containing neither calcium nor chloridc have been
found to reactivate oxygen evolution, too. As an exam-
pie. Fig. 4 shows the dependence of oxygen vyield on
the concentration of Na,SO,. The data were obtained
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Fig. 3. Top. O. yield per Chland per flash after gel filtration as o
function of the concentration of added CaCly fopen circles) and for
control samples (closed circles) as described in the text. Bottom: O,
yield relative to the control. The gelfiltration column was equili-
brated with 50 mM Mes-Na (pH 6.3) and 0.3 M maanttol. The O,
yield was measured after excitation by 30 flashes spaced 1~ apart.
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Fig. 4. O. vizld rerative to the controb as a function of Nu SO,
concentration (squares with 3 mM EDTA. circles without EDTA),
Nit;80, and EDTA were added atter gel-filiration €squares: 20 mM
Mes-Na (pH 6.5) 720 mM Na .50, 0.3 M mannitol: circles: 50 mM
Mes-Na (pH 6.5) /0.3 M mannizol). The O, vield was measured after
excitation by 64 (squares) or 40 flashes Ceireles), respectively, spaced |
s apart. The dashed line is an estimate for the relative oxygen vield
with 25 uM CaCl.. determined from the upper limit of chloride

contamination (504 a1 M. see text),

in the same way as described for CaCl,. The concen-
tration of Na,SO, needed for half-maximal reactiva-
tion is 100-150 mM. i.c.. three orders of magnitude
higher than that for CaCl,.

To check that the observed effect was not at-
tributable to residual CaCl, we perfe med the follow-
ing experiments:

(a) For depietion of Ca”" that might 1ot have been
removed, 3 mM EDTA were added after gel filtration.
Reacnvation by Na,8O, was not influcnced by this
addition (squares in Fig. 4). The Ca-EDTA complex
has an effective stability constant of 107 at pH 6.5 and
therefore the level of free calcium was ar below the
detection limit of the Ca”"-selective electrode (3 M),
th) The level of contaminating chloride was deter-
mined to be less than 3 p M. The dashed line (Fig. 4)
shows, as an upper limit of the oxygen vield due to
contaminations, the vield that can be estimated for 25
uM CaCl, from the concentration of half maxim=!
activity in Fig. 3 (130 g M),

(¢) We have carried out 4 treatment with sulphate at
clevated pH. This has been described as an optimal
method for chloride depletion [30.31). In the presence
of 500 mM Na,SO; PS Il complexes were brought to
pH 8 by gel-filtration, incubated for 5 min and then
brought back to pH 6.5 by a turther gel filtration. The
O, yield then measured was 80% of the yicld of an
untreated sample.

The cffect of various other salts on the oxyvger yicld
is presented in Table 1. In these experiments, the PS 11
complexes were transferred directly into a medium
containing the indicated salts. ie.. the column was
equilibrated with these media. Otherwise. the controls
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TABLE T

Ovveen vield - activation by various salts

Relative - vield corrected (10097 = control, see text) and uncor-
rected (10077 ~ untreated sample) for irreversible inactivation in the
presence of the indicated concentrations of various salts. 20 mM
Mes Na (pH 6.5) and 0.3 M mannitol,

Salt Relative oxvgen vield (“7)
corrected uncorrected
20 mM Ca(l, 100 93
20 mM Mg(Cl, 96 9]
60 mM Nu() 100 75
100 mM MgSO, 72 R
500 mM NaH PO, /Na . HPO,
(without Mes) 100 94
S mM Ni .50, 96 83
300 mM Mos-Nu i 12

were done as described above. High yields were ob-
tained rclative to the control. ¢ven in the sole presence
of Mes-Na, Although irreversible inactivation appears
0 be somewhat variable with the different salts (right
column of Table D), it is still remarkable that high
values of the relative oxygen yield were found at such
high salt concentrations.

Reversible inhibition of water oxidation and charge sepa-
ration by high concentrations of certain salts

It has been reported that, for example, 1 M CaCl,, |
M MgCl, and I M NaCl inhibit oxygen cvolution
together with the release of extrinsic proteins {32.11].
W- therefore investigated the effect of high concentra-
tions of various salts on the oxygen vield. The results
are shown in Table 11. It can be seen that CaCl, and
MgCl, indeed have an inhibitory effect at high concen-
trations, in contrast to, for example, Mg30,. Na,SO,
or NaCl. The absence of an inhibition by Na”l may be
related to the absence of the extrinsic 23 and 17 kDa

TABLE 11
(ovgen vield inhibition by certamn salts

O vield relative to the vield of an uatreated sample at 20 mM
CaCly m the presence of high concentrations of various sals. Be-
sides the indicated salts. the samples contained 20 mM Mes-Na (pH
6.5), 3 mM CaCl,. 13 mM MgCl, and 0.3 M mannitol. Except for
Mg(ClO,)- and NaSCN, the jonic strength was always 3.3 M,

Salt Oxygen yield relative
to untreated sample
at 20 mM CaClL (44)

0.60 M Ma(C10,), 5
1.20 M NaSCN 2
L0 M CuCl, 4
110 M MgC1, 30
3.30 M NuCl 86
0.83 M MgSO, 9
110 M Nat, SO, 100

TABLE HI

Yield of photoreducible (), - inhibition by certain salts

Yield of photoreducible (3, in the presence of high concentrations
of various salts, relative 1o the yield of an untreated sample at {0
mM CaCl, /5 mM MgCl,. Besides the indicated salts. the samples
contained 10 mM Mes-Na (pH 6.9), 10 mM CaCl,. 5 mM MgCl, and

about 0.3 M sucrose.

Salt Yield of Q4 relative
to untreated sample at
10 mM CaCl, /5 mM MgCl, (%)

20 M Mg(ClOy), <5
3.0 M NaSCN 24
30M CaCl, 0
2.0M MeCl, 25
3.0M Gdm(l 24
30M LiCI 39
3.0M NaQl 93
1.0 M MgSO, 43

proteins, which are specifically removed from higher
plant PS I1 by 1 M NaCl. With the exception of
Mg(CiO,), and NaSCN. all salts were used at the same
ionic strength (3.3 M). The inhibitory effect therefore
depends on the kind of salt and not just on the charge
of the ions. It is furthermore related to the cation
{compare, for instance, CaCl,, MgCl,, NaCl) as well as
to the anion (MgCl, vs. MgSQO,).

As shown in Table 111, at even higher concentrations
also the yicld of photoreducible Q4 can be completely
inhibited. This was observed regardless of the presence
of exogenous donors like Mn?*. The efficiency of the
various salts in preventing the primary stable charge
separation corresponds to the efficiency in the inhibi-
tion ot oxygen evolution.

Both inhibitory effects arc reversible if the exccss
salt is removed in the dark (see below). This implies
that the inhibition occurs already in the dark. While
this cannot be shown by a measurement of oxygen
yield. because more than one flash is required for O,
to be evolved, this is possible for the stable charge
separation (Fig. 5).

Fig. 5, top left, shows the absorption change at 320
nm due to Q, reduction upon ten repetitive flashes for
an untreated sample. On the right side the average of
256 repetitive flashes is depicted. In the presence of 3
M CaCl,, no absorption change can be observed even
upon the first flash (Fig. 5, bottom left). Therefore, the
inhibition by CaCl, occurs already in the dark.

The dependence of O, and Q flash yields on the
concentraiion of CaCl, is presented in Fig. 6. Oxygen
cvolution is more susceptible to CaCl, inhibition than
the primary stable charge scparation. The reversibility
of the inhibition is demonstrated by the open symbols
in Fig. 6. These show the relative yields of O, and Q,
after removal of CaCl, (at the indicated concentration)
in the dark.
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Fig. 5. Absorption changes at 320 nm due to Q, photoreduction of

an untreated sample (top left: »ve-age of 10 flashes: top right:

average of 256 repetitive flashes) and in the presence of 3 M CaCl,

(bottom left: average of ten first “flashes, each flash given to a new

dark-adapted sample: bottom right: average of 256 flashes). The

samples contained 7t uM Chl. 1) mM Mes-Na (pH 6.5), about 0.5 M
sucrose and 0.04% B-DM.

The reversibility of the inhibition of oxvgen evolu-
tion by CaCl, is further supported by the following
experiment. The oxygen yield induced by eight flashes
was measured in the presence of excess CaCl,. After
the measurement the sample was passed through a
gel-filtration column equilibrated with MMCM (pH
6.5) and again assayed for oxygen yield. While the
inhibition was practically complete (rel. O, vield < 4%)
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Fig. 6. Flash yields of O, and Q4 relative to the yield at 20 mM
CaCl, /10 mM MgCl, as a function of the CaCl. concentration
(closed symbols) and after removal of the indicated concentration of
excess CaCly by gel filtration (open symbols). measured in the
presence of 20 mM Mes-Na (pH 6.5)/0.3 M mannitol.
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in the presence of 1 M CaCl.. it was 44 reversible
even after illumination.

Discussion

Properiies of the rarious salts

As can be seen from the salt concentrations in Table
I. the cfficicney of the various salts in activating oxygen
evolution can be roughly ranked as follows:

CaCly = MgCl, > NaCl > Mg80O, > Na, HPO, = Na. SO, > Mes-Na

A similar order is observed for the inhibition of oxygen
evolution and also for the inhibition of charge separa-
tion at molar salt concentrations (Tables 11 and ).
This indicates that all three of the observed salt effects
may be explained by protein-salt interactions. as the
above order of salts is well known to be likewise
followed when the influence of salts on protein solubil-
ity and on conformation changes of proteins are siud-
ted [32).

Based on their effect on protein solubility. the salts
arc ecither described as being “salting out’ (decreasing
solubility, e.g., Na.SO,) or salting in" (increasing solu-
bility. e.g.. CaCl,) [33.34]. In the order of salts shown
above, the “salting out’ salts are found at the right and
the ‘salting in’ salts accordingly on the left.

The solubility of a protcin depends on a complex
interplay of interactions within the protein. protein-
water. protein-salt, but also salt—-water interactions.
The same interactions determine the conformation of a
protein [35]. Thus. a protein will fold in a way to avoid
contact of its hydrophobic domains with water. *Salting
oui’” salts, which are excluded from the protein surface
[34]. increase the tension at the protein/water inter-
face and therefore promote folding of the protein into
native or active conformations [34]. This effect be-
comes noticeable at concentrations above 100 mM,
The unfavourable protein—water interaction can also
be minimized by precipitation of the protein.

‘Salting in” salts tend to bind to the protein [36].
Binding of salts to localized sites on the protein surface
stabilizes active conformations, an effect which usually
saturates at a tenth millimolar salt [35] At higher
concentrations the solubility of proteins is increased by
unspecific binding of salt (e.g.. to the peptide bonds
{33]), but also unfolded. inactive protein conformations
are favourcd. In the case of protein complexes subunit
dissociation may occur [33]. The binding of “salting in’
salts outweighs the cffect of surface tension increase
[34].

Model for salt induced conformational changes berween
active and inactive states

Based on these considerations we propose that the
activating and inhibiting salt cftfects on the oxygen
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Fig. 7. The relative O, vield as a function of the CaCl. (circles) and

the Na SO y-concontration {trizngles) on a logarithmic scale (data of

Figs. 3.4 and 5).

vield. which are summarized in Fig, 7. are explained by
a salt-dependent shift of equilibria between an active
{A) and two inactive conformational states of PS 11 (1,
and I,). At molar salt concentrations, a further, state
(F;) exists which is not capable of forming the P680 " Q
pair. We are aware that, in view of the complexity of
PS 11, there is probably more than one active confor-
mation and also many different conformations that arc
reversibly inactivated. Still. our simple model! can give
at lcast a qualitative explanation of our results. The
proposed states of our model can be characterized as
follows,

In the absence of sufficient salt, the cquilibrium is
shifted towards the inactive state, 1. Mangancse may
slowly dissociate from this conformational state as it is
not properly stabilized by its proteinaccous ligands.
This explains why the reversibility of the inhibition
decreases with longer incubation times. It may also
indicate that the folding of the protein in this inactive
state is less tight than in the active state.

Either by binding of "salting in" salts (concentration
range (.05-5 mM) or by surface tension increase due
to the “salting out” salts (50- 1000 mM), the cquilibrium
is shifted towards the active state A. The different
mechanisms of stabilization of the active state may
explain the drastically different values for the concen-
tration at half-maximal activation (130 uM CaCl,,
10~ 150 mM Na, SO, (Fig. ).

Increased binding of *salting in" salts (100-1000 mM)
to PS I shifts the equilibrium beyond the optimum to
the second inactive state, I,. This state may be due to
at least partial unfolding of the PS I proteins and a
reversible dissociation of the 33 kDa protein. Man-
ganese, however, is not lost [32,59]. As the intra-
membrane parts of PS Il may be removed from contact
with water or salts through detergent molecules, the
unfolding may occur only in the extrinsic proteins or in

those loops of the intrinsic proteins that protrude into
the agucous phase,

That the inhibition of oxygen evolution by high
concentrations of CaCl, is due to an unfolding is
supported by our observation that the primary stable
charge separation, P680°Q, . is also reversibly inhib-
ited by molar concentrations (i.e., > 0.5 M) of ‘salting
in" salts. As the dissociation of the DI /D2 heterodimer
or a reversible extraction of Q, by these salts are very
unlikely, an unfolding transition to a further state I, is
the only reasonable explanation. As can be expected
for such a transition, it occurs already in the Jark (Fig.
S).

The activation of oxygen evolution by CaCi, (Fig. 3)
follows a saturation curve, i.c., it can be expiained by
binding of CaCl. to the inactive state [;:

I+ CaCly = A

.-

V
I3

The concentration dependence for the inhibition of
oxygen evolution and charge separation by CaCl, at
high concentrations (Fig. 6) has a shape different from
that of the curve of activation. The former are similar
to the reversible denaturation observed with other pro-
teins [37) in respect to the high concentration range
and the sigmoidal shape. Such curves can be: described
by a lincar concentration dependence of the standard
free enthalpy change (AG") for the transition from a
native (active) to an unfolded (inactive) state, i.e., for
water oxidation:

A=l

or jor charge separation:

The lincar depend 1ce can be rationalized by consider-
ir.z the excess free enthalpy due to the thermodynami-
cally nonideal behaviour of the conformational states
[38]. which can be expected at such high salt concentra-
tions. Interestingly. the reactivation of water oxidation
by a “salting out” salt (Na,SO,, Fig. 7,

1, == A

occurs in the same range of high ccncentration as the
inhibition by CaCl,, a typical ‘salting in" salt, and might
be described in a similar way.

The above discussion can be briefly summarized as
follows:
(a) The various salt effects are explicable by salt-de-
pendent conformational changes in the protein com-
plex of PS II.
(b} In the different conformational states, water oxida-



tion and charge separation are cither active or re-
versibly inhibited.

(c) That the concentration range for the activation of
water oxidation can differ by up to three orders of
magnitude (e.g.. CaCl, vs. Na.SO;) can be explained
by the different properties of the salts {salting in.
salting out).

Relevance of the proposed model for PS 1 from higher
plants

Different from our results for the activation of oxy-
gen evolution by various salts (Table 1). a pronounced
specificity for calcium and chloride has been observed
with PS II from higher plants (for review sec Refs.
16-18). There, Ca** was found to be replaceabie only
by Sr* [39.40], while chloride can be substituted by
similar monovalent ions like Br~ and NO; [41]. We
observed that Ca** could be effectively replaced by
Mg>* or Na* and Cl™ by SO; ~, HPO;~ or even the
Mes anion. In contrast to this. there are reports on an
inhibitory effect of sulphate for PS H from higher
plants [42,31,43], although this was not observed by
other authors [30,44). Based on the obscrved speci-
ficity, it was proposed that Ca®* and Cl~ are part of
the manganese cluster in the OEC [30.45]).

For the case of calcium. the distinct stoichiometry
found per PS 1l may support such a specific role of this
ion. In PS 11 from higher plants, two Ca®* per Q, have
been determined [46,47]. In a rice mutant capable of
oxygen evolution [48] as well as in PS Il preparations
from Synechococcus [49] only one Ca’* is found per
Q,. It is still a matter of controversy whether special
treatments that inhibit oxygen evolution in higher plant
PS 11 either reversibly (1 M NaCl, citrate (pH 3)) or
irreversibly (Tris, NH,OH} are accompanied by or
even due to a release of the tightly bound calcium ions
[46,47,50,51]. Therefore, it is not clear whether thesc
are involved in the process of water oxidation at all.

Even for higher plants, EPR and EXAFS experi-
ments have so far been unsuccessful in demonstrating
direct chloride binding to manganese in the OEC. In
Ref. 44 an anion-dependent interchange between the
EPR multiline signal and the g =4.1 signal was ob-
served, however. A similar effect. on the other hand,
can also be induced by certain cryoprotectants (glycerol,
ethyleneglycol) or ethanol [52]. Therefore, these effects
are probably due to conformational changes in the
protein, as the latter substances have been shown to
interact with proteins in a way similar to the ‘salting
out’ salts (see Ref. 34), but are not likely to bind to the
manganese in the OEC directly [53].

It appears possible that specifically bound Ca®* and
Cl~ ions have not been removed in our experiments.
However, the treatments for salt depletion used in this
work (dilution (either by washing or gel filtration),
EDTA, pH 8 + Na,SQ,) are in principle the same as
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those used by other workers in this field. Furthermore.,
we observed not only the same eftect of salt depletion.
i.c.. reversible inhibition of oxygen evolution, but also a
similar concentration dependence for the reactivation
by CaCl,. Therefore, it is reasonable to assume that
specifically bound CaCl. was removed to the same
extent as in the experiments of other authors.

In this context it is of note that we observed a slow
irreversible loss of oxygen vield even in the presence of
10 mM Cl° (sce Fig. 2). Thercfore. this irreversible
inactivation cannot be cxplained by a slow release of
chloride. That also a loss of mangancse occurs under
this condition indicates that chloride is not specifically
involved in stabilizing the manganese.

The question has to be answered as o how the
different reactivating effects of salts in higher-plant
and cyanobacterial PS 1l can be explained. One possi-
ble answer is that in the course of evolution, a specific
requirement of water oxidation for calcium and chlo-
ride may have developed. Then these ions must be part
of the mechanism of water oxidation in higher plants,
but not in cvanobacteria. Two different mechanisms
are not likely, however, because the structure of the
manganese complex in the OEC is very similar for both
types of organism, as far as it can be investigated by
EXAFS and EPR measurcments [54.55). At lcast the
DI, D2 [56] and the extrinsic 33 kDa protein [14] are
also very similar.

Therefore we believe that in higher plants the mech-
anism of water oxidation is in principle the same as in
cyanobacteria. Accordingly, the observed salt effects in
both cases may be explained by salt induced changes
between active and inactive conformational states of
the PS Il-protein complex. However. the dependence
of these cyquilibria on the various salts is different in
higher plants, very probably because the PS 1l-complex
is different. at least in respect to the extrinsic 17 and
23 kDa proteins. This argument (see also Ref. 57) is
supported by the fact that in higher plants the require-
ment for Ca®* and Cl is strongly influenced by these
extrinsic proteins. Furthermore. the degree of Ca”*-de-
pletion that can be achieved depends on these extrinsic
proteins. It has been shown that a complete removal
(down to less than 1 Ca®* per PS 1) requires washing
with 2 M NaCl [58]. Without this treatment, extensive
washing of PS II core preparations does not yield less
than 2 Ca’>*/PS II. but reduces oxygen evolution al-
most completely (25% of the control).

The reversible inhibition of the primary stable charge
separation by molar concentrations of “salting out’ salts
was first observed here with cyanobacterial PS 11, Be-
cause this effect can be explained on the basis of
general protein-salt interactions, it is likely that it is
also observable in PS Il from higher plants, in bacterial
reaction centres and possibly also in Photosystem 1. As
the corresponding conformational changes ure ex-
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pected to be very drastic, it should he worthwhile to
investigate these by methods yielding more direct
structural information.

Acknowledgements

We thank D. DiFiore. C. Otto and 1. Geisenheimer
for the preparation of PS 11 complexes. B, Behrens for
his excellent performance of the AAS-measurements
and Dr. B. Mever for his participation at the initial
stages of our investigations. Financial support from the
Deutsche Forschungsgemeinschaft (SEB 312) is grate-
fully acknowledged.

References

1 unge. W.oand Witt, TET. (1968) 7. Naturforsch. 23h, 244 254,

2 Paoring. Go, Stichl HLHL and Wi, HU L i1967) 20 Naturforsch,

22b. 639 -6 44,

Stichl FLH. and Wit HUT. Q1968) Z. Naturforsch. 23b, 220 and

(1969) 24h, IS8R

Klimov, V.V and Krasnovsky, ALAL (1981 Photosvathetica |5,

SUT- ik,

Debus, R Barrv, B.AL Sithole. 1. Babeock, G T, and Mcln-

tash, [ (1988) Brochemistry 27,9071 9074,

v Gerken. S, Brettel, K., Schiodder, B oand Witt, TLT. (1988)

FEBS Lewt, 237, 69-75.

7 Vermaas, W.E.J., Rutherford. AW, and Hansson. O, {198%) Proc,

Natl, Acad. Sci. USA 85, 8477-8481.

Johiot. P Barbieri. G and Chabaud. R, (1968} Photochem.

Photobiol. 10, 309--329.

9 Kok, B., Forhush. B and McGloin, M. (1976) Photochem. Photo-
hiol. 11 457475,

10 Nanba, . and Satoh. K. (1987) Proc, Natl, Acad. Sci, USA B4,
Hw-112,

1L Akerlurd, H-L.. Jansson. C. and Andersson, B, (1982) Biochim.
Biophys, Acta 681, 1-10.

12 Kuwabara, T. and Murata. N, (1982) Biochim. Biophys, Acta 680,
210215,

13 Koike. L and Inoue. Y. 11985} Biochim. Biophys, Acta 807,
64-73,

t4 Stewart, ACL Luungberg, UL, Akerlund, HLE. and Andersson, B
(1985) Biochim. Biophys., Acta 808, 353302,

15 Amesz, L (1983) Biochim, Biophys, Acta 726, 1-12.

16 Homann, P (1987) 1. Bioenerg, Biomembr, 19, 105123,

17 Critchley, C. (1985) Biochim. Biophys. Acta 811, 33-46.

18 Govindjee, Kambara, T and Coleman, W. (1985) Photochem.
Photobiol. 42, [87-210.

19 Mivao, M. and Murata, N. (1987} tn Progress in Photosynthesis
Rescarch (Biggins, J.. ed.). pp. 453-462, Martinus Nijhoff, Dor-
drecht.

200 Becker, D.W. and Brand. J.J. (1985) Plant Physiol. 79, 577 558,

21 Stewart, A.C. and Bendall, D.S. (1980) Biochem. J. 188, 351--361,

22 Piccioni, R. and Mauzerall, D.S. (1978) Biochim, Biophys, Acta
504, 384-347.

23 Mever, B Schlodder, £ Dekker, 1P and Wit, HT. (1989
Biochim. Biophys. Acta 974, 36-43.

24 Jursinic, P. and Stemler, A. (1988) Photosynth. Res. 15, 41-56,

25 Pauly. 5., Schlodder, E. and Witt, T, (1990) in Current Re-
scarch in Photosynthesis (Balischefisky, M., ed.). Vol L pp.
T45-748, Kluwer, Dordrecht.

26 Schatz. G.H. and Witt, HLT. (1984) Photobiochem. Photobiophys.
7. 1-14.

o

i

o

g

2

KX

3

i

RN
3

=

Lt
8

£
3

=

A

1

2
13

44

45
A

47

48

49

At

o

“n
38}

" n
+ et

4
N

N
=

thTa
xK o~

7
=

Ragner. Mo Dekker. P Bockema, EJ. and Witt, FLT. (1987}
FEBS Lot 219, 207-211

Cammann. K. (1977) Das Arbeiten mit ionenselektiver, Elektro-
den. 2nd Fadn.. Springer. Berlin,

kretschmann, He. Pauly. S, and Witt, H.T. (1991) Biochim. Bio-
phys. Acta 1059, 208-214.

¢ Suncusky. P.O. and Yocum, C.F. (1953) FEBS Lett. 162, 339-343.

Itoh. S. and Uwano, S. (1986) Plant Cell Physiol. 27, 25-36.
Ono. T. and Inoue, Y. (1983) FEBS Lett. 164, 255-260.

Von Hippel. P and Schicich, 1. (1969) in Structure and Stabil-
ity of Biological Macromolecules (Timasheff, S.N. and Fasman,
G.D. eds). pp. 417-574, Marcel Dekker, New York.

Timashefl. S.N. and Arakawa, T. (1989) in Protein Structure - A
Practical Approach (Creighton, T.. ed.), pp. 331-345, IRL Press,
Oxford.

Pace. CN.{19%) Trends Biochem. Sci. 15, 14-17.

Arakawa. T. and Timasheff. S.N. (1982) Biochemistry 21, 6545-
6352,

Pace. C.N.. Shirley, B.A. and Thomson, J.A. (1989) in Protein
Structure - A Practical Approach (Creighton, T., ed.). pp. 311-
330. IRL Press. Oxford.

Schellman., LA, (1978) Biopolymers 17, 1305-1322,

Boussac. A. and Rutherford, A.W. (1988) Biochemistry 27, 3476~
3483,

Ghanotakis. D.F.. Babcock. G.T. and Yocum. C.F. (1984) FEBS
Len. 167, 127-130.

Kellev, PM. and lzawa. S. (1978) Biochim. Biophys. Acta 502,
TUR-210,

Sinclair. J. (1984) Biochim. Biophys. Acta 764, 247-252.
Wydrzynski. T.. Baumgart, F., MacMillan, F. and Renger. G.
(1990} Photosyath. Res. 25, 5¢-72.

Ono. T.-AL Nakayama. H.. Gleiter, H.. Inove. Y. and Kawamori,
A. (1987} Arch. Biochem. Biophys 256, 618-624,

Rutherford, AW. (1989 Trends Biochem. Sci. 14, 227--232,
Shen. J-R., Satoh. K. and Katoh, S. (1988) Biochim. Biophys.
Acta 933, 358-364,

Cammarata. K.V, and Cheniae. G.M. (1987) Plant Physiol. 84,
SR7-5U5,

Shen. J-R.. Satoh, K. and Katoh, S. (1Y88) Biochim. Biophys.
Acta 936, 386-394.

Kashino, Y.. Satoh, K. and Katoh. S. (1986) FEBS Lett. 205,
150-154.

Ono, T-A. and Inoue Y. (1988) FEBS Lett. 227, 147152

Shen, J-R. and Katoh. S, (1990) in Current Research in Photo-
synthesis (Baltscheftsky, M.. ed.). Vol. L, pp. 737-740), Kluwer,
Dordrecht.

Zimmermann, 1.-1. and Rutherford, A.W. (1986) Biochemistry
25, 4609-a615,

Kawamori. A. and Takashi, 1. (1990) in Current Research in
Photosynthesis (Baltscheffsky. M. ed), Vol 1, pp. 765-768,
Kiuwer. Dordrecht.

McDermott. AE.. Yachandra, V.K.. Guiles, R.D., Cole, J.L.,
Dexheimer. S.L., Britt, R.D., Sauer, K. and Klein, M.P. (1988)
Biochemistry 27, 4021-34031.

S Aasa. R.. Andréasson, L-E.. Lagenfelt, G. and Vinngard. T,

(1987) FEBS Lett. 221, 245-248.

Hearst, LE, (1986) in Photosyathesis I (Pisson. A. and Zimmer-
mann, M.H. eds.), Encyclopedia of Plant Physiology New Series,
Vol, 19, pp. 382- 389, Springer. Berlin,

Homann, P.H. (1988} Plant Physiol. 88, 194-199.

Kalosaka, K.. Beck. W.R.. Brudvig, G. and Cheniae, G.M. (1990)
in Current Research in Photosynthesis (Baltscheffsky, M., ed.),
Vol. I, pp. 72i-724. Kluwer, Pordrecht.

Paulv, S. and Witt, 11T, (1992) Biochim. Biophys. Acta 1099,
211-218,



