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The activities of photosynthetic ,,~atcr oxidalmn and ~1 the primaD' qablc charge ,,cparatiun ha~c bccn in',c,,t:gatcd .v, a lunctiun 
of the concentration of various salts by measuring, liash-induccd oxygen ~iclds and ab,,~rptinn ch,lng~,-,~ at .~2J~ nm dtJc t~ () 
reduction. 11) At low salt concentrations, water oxidaliun is inhibited, v, hcrcas the cha~gc ,,cparatuw i, m,~ allcv~tcd. (2)The 
flwmer ca~ bc reactivat=d by stirs containing neither calcium nor chloridt: {c,g.. Na:S():). indicat:ng that thc',c +,m', ar,. m,t 
essential eofaetors of water oxidation. 13) At higher conccntralions, certain salts (e.g.. ( a ( l - }  reversibly inhibit v, alcr nxidali~m 
and in the range of molar concentrations aL, o the primal '  ,dablc charge separation. (4) -I'hc,,c actb.ating and inhibiting ctfcct,, arc 
explained by equilibria bepa;ecn actisc and inactive conformational states of PS II. These equilibria depend on the conccntratiun, 
and properties of the various salts. (5) Arguments arc given that, also in higher plants+ salt-dependent c~mformatinnal ,qatc', :trc 
responsible for the salt cffccts. 

lntroductian 

Photosynthe t ic  water  oxidat ion starts  with a light-in- 

duced charge separa t ion  [1] be twccn a special chloro- 
phyll a (P-680, Chi-a l l )  [2] and a special p las toquinonc.  

OA [31, via a pheophyt in  [4]. The  oxidized P68(1 i~, 
rereduced by a tyrosine [5-7]. which in turn consecu- 

tively cxtracts four e lectrons out of the watcr-~xidizing 
complex, The  latter, usually des ignated O E C  (ox.~gcn- 

evolving complex), is thereby oxidized to the state,, S~. 
S?+ S 3 and Sa. $4 re turns  spontaneous ly  to the least 

oxidized state. S~;, together  with the release of oxygen 
due to the oxidation of 2t t  ,O  [8,9]. 

Abbreviations: ('hi. chlorophyll:/3-DM, d~Mccq /J4>maho~idc: i);. 
D2. intrinsic reaction centre protein', ol PS I1: Gdm('l. guan,.dimum 
chloride: HMCM. 21) mM tlepe,,-Na+'(t3 M manniltq 20 m",l 
CaCIz/II) mM Mg('12: MMCM. as IIM(+M. ual,, 20 mM Mc~ 
instead ol ttcpes: OE('. ox.vgcn-c~.ot~,ing ~.omplc~: P~:fl+ prm~ar} 
donor of PS I1: O.x. primar2,. ',laNe qmnonc ,wccpl~+r of PS 11. ~,I~, t2+ 
sulfi~betaine 12. 

O',rreslxmdencc: E. Schlodd~.r. Max-Voln~cr-ln,,mul. ]v~:hni,,,h~. ° 
1,.tni~,er.,,ilLit Berlin..%trasse de~, 17. Jura 135. I)-+l~lfl [krhn 12. 
German.',, 

The~,c reactions take plat,_" ',sitt+in the protein c~.~m- 
plcx Photos~stcm 11 (PS !I)  fi~rmed b,. at tca,,t ,,c~cn 
subunit.,,. Tv,o of these arc the intrin,,ic. ~.c.. +m:ml~raac 
spanning. DI and I)2 pn~tcins. "lhc~, cont.~in tile c~,m+ 
poncnt,,  actb.e in the prsmaD ph~m~reacti 'm [ t lq.  I hrc,..: 
cxtrin'dc pn~tcin:, ol 33. 23 and t7 k l )a  molecuh~+ ma, ,  
pia,, a role in ,aatcr t.,xidati~m [ l  I . I2! .  +lhc la,tcr [~,~t+ 
are, ho~,~.c~.cr, m~t prc,,cnt in <',an,~bact,.:ri:.~l PS II 
[13.t+]. 

Essential fl~7 rhut~,,.~nthctic ssat,.:r ~vdati~;n arc al,,~+ 
iqorganic coJactors+ The most pr,,m~nunl ~+1 thc,,~_ i,, 
manganese, v, hich ,,t<~re,, the rcd~x equivalent-, v, ilhJn 
the ( ) k ( '  (fi~r rc,.ic,a, ,,co RcJ 15). ,~l,,~ c,ih_it, m .~rhl 
chlor ide ar,,. cons idc lcd  t~+ bc essential  ¢~,l~J¢tor.', thai 
can onlx he subst i tuted bx. ,,cry. similar ion,, like S r : '  a,~ 
cation and Bi + and N()~ as ani,~>n,, ( f in rc,,ic,a ,,co 
ReJs. f t ~  IS). +Ihis nf lc ol (_'a::- and ('1 i', indicated h; 

results obta ined with PS 11 from higher  p l a n t ,  There .  
the requi rement  fnr thc',c ion,, ha,, been l~und t<, ,he 
strongl~ infl~+cnced b~ the extrinsic 17 and 23 kl)a 

protein,, 119]. Usualb the calcium rcquiremcpt  can bc 
t~b,,e~ed onl~ in the at~scnce of these proteins_ 

~,'~c ha:,:  a,mid::d this in tcr le rcnce  b~ using i,~4ar.ud 
PS 11 cornplexe,, ,-rom a thermophi l ic  c~un~bacturium. 

S w w ~ h o c o c c u s  ,p.. ~hich lacks thc-~: tv~  cxtrin, ic pr+ ~+ 
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tell1',. A di[fcrclll cation rcquircmcnl COllll'...rcd to 
higher plant, has alrcady hccn ohscrxcd ,,~,ith olher 
sFccics of cyanobacwria [21t-22]. i:urthcrmorc, xsc 
studied the ellcol ot .~alls on vca[cr oxidation hs mea- 
suring l]ash-induccd ~x3gcn yiclds ,~silh a Zr():-oxygen 
sens~r [23]. l h i s  nlclhod is nluch leSS susccplihle to 
cffccls on the acccptoT side of PS I1 ttum measuring 
r,tles of oxygen w, olulion. It is wcll knoxsn that salts 
also, play a role in Ihc l,mctioning of the acccptor side 
[24]. Wc therefore additionally checked the lt~r~clional 
inlcgrily of the acccplor side by nicast0ring the amounts 
of photorcducilqc O x-A preliminary report on some of 
the following rcsulls has bccn presented at the V l l l t h  
International Congress on Photosynthesis in Stockholm 

( 1 '~,";'; ) [ 25 ]. 

Materials and Methods 

()_,-cxolving ctmlplcxcs from the c~anohactcrium 
,gvnc~'h~c~c~u~ sp. ha~c hccn prepared according to 
Rcfs. 21~ a'.'d 27. l'he~, ,,sere ',torcd at ~-80°( ̀  in 20 rob1 
Mc,,-Nzt (ptl t~.5). 21) mM ( 'a( ' l , .  1() mM Mg('t,. ap- 
prox. 1 M sucrose and ()-(L()h'~ SBI2. Oxygen yield 
was meaurcd  as described in Rcf. 23 with 2 mM 
K~[I:e((.N),,J and I;.2 mM phenyl-p-benzoquinone a'.. 
acccptors ([Cht] = 1()-30 /aM). The activity of un- 
treated samplcs was 2.1 to 3.1 mmol O, per tool ('hi 
per flash. 

Photoreducitqc O~ was dclermined tram the initial 
ampliludc of the flash induced absorption change at 
3211 nm ~,ith 2 mM K ~[Fc(('N),,] and (I.2 mM 2,5-di- 
chl~m~-p-benzoquinone as acceptors ([('hl] = 411-71t 
# M). Manganese was determined by atomic absorption 
spectrophotometn, as v, ill be described elsewhere [59]. 

('1 and ('a:" concentrations have bccn determined 
with um-seleclive electrodcs having a ~1 icction limit ol 
111 #M CI and 5 #M ( 'a:- .  l)ct~:rminations sserc 
made b,, ,.,,r,. of multiple standard additions using the 
method according t~, Gran 1>1. Readings of the EMI" 
v, cre laken for the sample ilsell and after each addi- 
lion of standard solution. LOsing a calibration curve. 
these i:MF values wcrc converted to activities. ~hich 
v~erc plotted against the concentration of added stan- 
dard. yielding a straight line. The original conccntra- 
Lion in the sample is then given by the negative inter- 
ccpt ~,ith the abscissa. This method allows detcrmina- 
lions of ions practically independent of ihe sample 
matrix. The level of contamination.,, of the stock mlu- 
tions tbuffcrs and salts) by Ca:" and ('1 w,.~s found to 
be bclov~ the deteciion limit. 

Salt e~change ,,vas performed by gel filtration using 
PD-I(I c~lumns by Pharmacia vdth Sephadex G 25 M. 
These columns, with an upper exclusion limit o15 kl)a, 
arc vcD cflicienl in removing small molecules and ions. 

reducing their concentrati,ms by a factor of at least 51111 
I>1. 

Results 

Reactitation of water midmior hv CaCI, after salt 
,hTdetion 

To remove the sails contained in the storage buffer, 
the I'S I! complexes were transferred into other buffer 
media by gel-filtration, thereby reducing the CaC! 2 
concentration to less than 25 ~,M. if no additional salts 
were present, oxygen evolution was inhibited by more 
than 81)c,; (Fig. 1). The inhibition was reversed by 
adding 20 mM CaCi z. 

The inhibition becomes irreversible with extended 
incubation time in the abaence of sufficient salt. The 
irrc,,crsible loss of oxygen yield is paralleled by a loss 
of manganese, while the yield of photoreducible O,,, is 
practically unafiected. As an example. Fig. 2 shows the 
relative yields of oxygen and Q,;~ as well as the relative 
amount of manganese bound to PS ll as a function of 
the incubation time in the presence of 11) mM NaCi at 
pH 7.5. Similar results were obtained at pH 6.5 and 
different salt concentrations (5 mM NaC1, 20 mM 
Na.,SO~, 40 mM Na2HPO4/NaH2PO 4, not shown). 
The irreversible inactivation is accelerated by reducing 
the salt concentration, in the presence of 21) mM 
C'aCI:/II) mM MgCI.:, no loss of oxygen yield occurs 
for at least 1() h at room temperature [29]. 

In order to distinguish between reversible inhibition 
and irreversible inactivation by the low salt treatment, 
the dependence of O_, yield on the concentration of 
CaCI, has been investigated as follows. Immediately 
after gel-fi l tration the amount of CaCI;  indicated in 
Fig. 3 was added to the cluate. One part of it was 
prepared for oxygen measurement and illuminated 
about 25 rain after gel-filtration by 40 flashes (open 
circles in Fig. 3. top). To the other part (control sam- 
ple) a saturating amount of CaCi 2 (20 raM) was added 
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- CaCI 2 ., C0Cl 2 

rain 

\ 

| l ine 

Fig I (), ~ield induced b~ 41l fla,,h¢~ spaced ! ~, apur;. ,~ith (I.994 
nrnot ()~)and ~ifh~,d! (IL~27 nmt~l O,I n:addilmn o| 21) mM Ca('l, 
ath:r gel |ii~hihon 45q~ rnM Mc~-Ni. ipl! t~.5)/IO M manmloD (IChl) 

19 t~ M. sample ~olumc I ml). 
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Fig. 2. Relative yield of flash-induced 0 z and O,~ formation and the 
relative amount of Mn bound to PS II as a function of the incubation 
lime in the presence of I(I mM NaCi/2(t mM Hepes-Na (pF! 7.5)/03 
M mannilol. The samples were transferred into this medium by get 
filtration. 211 mM CaCI2/iI)  mM MgCIz were added after the 
indicated incubation times to slop the deactivation of,~xygen ew~lu - 

lion. 

at the time of illumination of :he first part. To correct 
for irreversible effects the oxygen yield was normalized 
to the subsequently measured yield of the control sam- 
ple (closed circles m Fig. 3, top). The normalized data 
are presented in Fig. 3. bottom• Half-maximal activity 
is reached at about 130 p.M CaCI,. 

Reactivation of water oxidation by other salts 
The above results are in good agreement with lhose 

obtained with PS Ii from higher plar, ts. However, other 
salts containing neither calcium nor chloride have been 
found to reactivate oxygen evolution, too. As an exam- 
pie. Fig. 4 shows the dependence of oxygen yield on 
the concentration of N a 2 S O  4. The data were obtained 
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Fig. 3. T<~p. O: yield per ('hi and per flash after gel filtratmn a~, a 
functmn of the conccntralmn ol dddcd ( 'a( ' l ,  {open cir¢lesl and for 
control samples (closed circles) a.,, described in the text.  Bottom: O,  
yield relative to the control. The gel-fiitralion column was eqmli- 
b,ated with 51) mM Mes-Na (p|t  8.5) and 03 M mannitol. The O.  
yield was measured ahcr e'~cilation b.~ 40 flashes ,~paced I ,. ap;trl. 
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Fig. 4. O, yield rcmtivc to t11c control a~ .l tunctiop of Na_,S() 4 
concentration (square,, ~ith 3 mM I-D'I:~.. circles wilhout EDTA). 
NazSO a and EDTA ~'crc added alter gcl-Iihrati<m (suualrc',: 20 nlbl 
Mes-Na (ptt ~.SF .2tl mM NaeSO:/(I.3 M mannitol: circles: 511 mM 
Mes-Na (p]! ¢~.5A/( 3 M manniml). ]he  (), .~icld wa~, measured after 
excitation by 64 (squares)or 40 flashes (circfcsl. respectively, spaced I 
s apart The dashed line i,, an c,,fimalc for lhc retati,,c ~xygcn yield 
v, ith 25 ~.M (.'a('l., determined from lhe upper limit of chloride 

contaminalion 150 #M. ~,ec text). 

in the same way as described for Ca('l~. The concen- 
tration of Na:SO.~ ,ceded for half-maximal reactiva- 
tion is I(!()-15() mM. i.e.. three orders of magnitude 
higher than that for CaCI,. 

To check that the o{:~served effect was not at- 
tributable to residual CaCI, we peril: reed the follow- - 

ing experiments: 
(a) For depiction of Ca:" that might lot have been 
removed. 3 mM EDTA were added after gel filtration. 
Rea,:twation by Na,SO a was not inflmnced by this 
addition (squares in Fig. 4). The Ca-Ei)TA complex 
has an effective stability constant of !()" ' at pH 6.5 and 
therefore the level of free calcium ~,,as far below the 
detection limit of the Ca:'-selcetivc electrode (5 ,aM). 
{b) The level of contaminating chloride was deter- 
mined to bc le,,s than 50 p.M. The dashed line (Fig. 4) 
sho~s, as an upper limit of the oxygen .~ield due to 
contaminations, the yield that can be estimated for 25 
p.M ('aCl_, from the concentration of half maxim';? 
actMty in Fig. 3 (13(),aM). 
(c) We have carried out a treatment with sulphate at 
elevated pH. This has been described as an optimal 
method for chloride depletion [30,3I]. In the presence 
of 5(Xl mM Na,SO= PS II complexes were broughl to 
pH 8 by gel-filtration, incubated for 5 rain and then 
brought back to pH 6.5 by a further gel filtration. The 
O: ~ield then measured v,.w, SOr; of the ~icld of an 
untreated sample. 

The effect of ~,arious other ,,atts on the oxygcr, vicld 
is presented in Table I. in these experiments, the PS II 
complexes were transferred directly into a medium 
containing the indicated salts, i.e., the column was 
equilibrated with these media. Othcmise. the controls 
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(ltTt,q'll ~,'Rqd-¢lt'lH'iflloll bY I~rlOll.~ .~,a[ls 

Rctalive (),, vidd corr¢clcd illlf)'; control, see text) aml uncor- 
rcclcd {l[Sg,: -. untlcaled samplcl for irro.¢r.',ible inactivalion in Ihe 
presence of the indica(ed conccntra:ions of various sal(s. 2{, ~ mM 
Mes Na (plli fi,5)and ft.3 M mannilol, 

Sail Relative oxygen yield (¢,:) 

Ctll-fcclct] uncorrected 

20 mM ('aCI, 100 q5 
211 mM Mg('l 2 96 q I 
60 mM Na('l I()(I 75 

Ill0 mM MgSO~ 72 55 
5110 mM Nal t :P ( )  a / N a 2 l t P O  a 

(without Mes) loft 9q 
51111 mM Na 2 S(-14 % 83 
5[111 mM Mcs-Na t),x 42 

were done as described above. High 5ields were ob- 
tained relative to the control, even in the sole presence 
of Mcs-Na. Although irreversible inactivation appears 
io be somewhat variable with the different salts (right 
column of Table I), it is still remarkable that high 
values of the relative oxygen yield wcrc found at such 
high salt concentrations. 

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

It has been reported that, for example, 'l M CaCi 2, i 
M MgCI., and 1 M NaCI inhibit oxygen evolution 
together with the release of extrinsic proteins [32,11]. 
W-" therefore investigated the effect of high concentra- 
tions of various salts on the oxygen yield. The results 
are shown in Table 11. It can be seen that CaCI, and 
MgC12 indeed have an inhibitory effect at high concen- 
trations, in contrast to, for example, MgSOa, Na2SO 4 
or NaCI. The absence of an inhibition by NaC! may be 
related to the absence of the extrinsic 23 and 17 kDa 

I ABI.E II 

(m~,,,i yiehl inhit#thm hv certain .~ttlts 

()~ yickt rclaliv¢ Io the yield ot an untrealed sampk_" at 20 mM 
( ' a ( ' l ,  ill lhe presence o[ high conccJflrations of xariou.s salts. Bc- 
side,s the indicalcd salts, the samples contained 2(} mM Mes-Na (pt i  
6.51, 3 mM CaCI ,, 1.5 mM Mg(' l  z and 11.3 M mannilol, [-xcept fl)r 
Mgt( ' lO4) 2 and NaSCN, the ionic slrength was always 3.3 M, 

Sail ()xygen yield relative 
to untreated sample 
at 2(I mM ( 'aCi,  ~'~ ) 

0.60 M Mg(CIO 412 
1.2tl M NaSCN 
!, f I) M Ca('l ,  
1.t0 M MgCI2 
3.3tl M NaCI 
tL83 M MgSO~ 
1.11~ M NItzS() 4 

5 
2 
4 

311 
86 
q9 

100 

' I 'ABI.t( !II 

Ywhl qfldlOtoreducihh' Q .I = inhihttion 1~5' certaul salts 

Yield of pholoreducible O.,x in the presence of high concenlralions 
of variovs sails, relative to the yield of an untreated sample at 10 
mM (",K'I 2 / 5  mM Mg('l 2. Besides the indicated salts, lhe samples 
conlaincd Ill mM Mes-Na (pt l  6.5L 10 mM Ca('t 2, 5 mM MgCI 2 and 
about 0.5 M ,sucrose. 

Salt Yield of ¢0.~ relalivc 
!o unlreated sample at 
1(I mM CaCI 2 / 5  mM MgCt 2 (el,) 

2,0 M Mg(CIO 4 )2 < 5 
3.11 M NaSCN 24 
3.II M ('aCI1 I) 
2.(1 M MgCI 2 25 
3.0 M GdmCI 24 
3.(1 M LiCI 39 
3.11 M NaCI q3 
1.[1 M MgSO 4 q3 

proteins, which are specifically removed from higher 
plant PS II by 1 M NaCI. With the exception of  
Mg(CIO4)2 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, CaCI 2, MgCI 2, NaCI)as well as 
to the anion (MgCI 2 vs .  M g S O 4 ) .  

As shown in Table Ill, at even higher concentrations 
also the yield of photoreducible QA can be completely 
inhibited. This was observed regardless of the presence 
of exogenous donors like Mn 2+. The efficiency of the 
various salts in preventing the primary stable charge 
separation corresponds to the efficiency in the inhibi- 
tion of oxygen evolution. 

Both inhibitory effects are reversible if the excvss 
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 0 2 
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 QA 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 CaCI2, no absorption change can be observed even 
upon the first flash (Fig. 5, bottom left). Therefore, the 
inhibition by CaCI 2 occurs already in the dark. 

The dependence of O z and Q~. flash yields on the 
concentration of CaCI z is presented in Fig. 6. Oxygen 
evolution is more susceptible to CaC12 inhibition than 
the primary stable charge separation. The reversibility 
of the inhibition is demonstrated by the open symbols 
in Fig. 6. These show the relative yields of 0 2 and Q~ 
after removal of CaCI2 (at the indicated concentration) 
in the dark. 
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Fig. 5, Absorption changes at 32t) nm due to QA photoreduction of 
an untreated sample (top left: ,weage of I11 flashes; top right: 
average of  256 repetitive flashes) and in Ihe presence of 3 M ('a( ' l ,  
(bottom left: average of ten first "flashes, each flash given tt~ a new 
dark-adapted sample: bottom right: average of 256 flashes). The 
sample~ contained 71) #M Chl, 10 mM Mes-Na (p!! 6.5), about 0.5 M 

sucrose and 0.04c:; /3-DM. 

The reversibility of the inhibition of oxygen evolu- 
tion by CaCI z is further supported by the following 
experiment. The oxygen yield induced by eight flashes 
was measured in the presence of excess CaCI,. 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~ yield < 4'}/-.) 

£ 
I 
< 

0 

o 

fN 
o 
"6 
"U 

13 

1,0 _,I & /k With C~C[ 2 
indicate~ (@, ~, ) 

0.8 

0.6 

0.4 

0.2 

I',, " ' .  0 A 

• ", 0 

Z,, t 

- - -  

1 2 3 

[ C Q O 2 ] / M  

excess CeCI 2 

.e,novea ( O ,  A 

Fig. 6. Flash yields of O, and QA relative to the 5ield at 2tl mM 
CaCI , /10  mM MgCI: as a function of the CaCI, concentration 
(closed symbols)and after removal of 1he indicated concentration of 
excess CaCt, by gel filtration (open symbols!, measured in the 

presence of 211 mM Mes-Na (pit 6.5)/11.3 M manniml. 
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in the presence of 1 M ('aCI,. it was 44c~ reversible 
cvcn after illumination. 

Disc,,ssion 

Properties of the t aHotts sahs 
As can be seen fiom the salt concentrations in Table 

I. ~he efficiency of the various salts in activating oxygen 
ew~lution can be roughly ranked as follows: 

Ca(.'l 2 = Mg('l, > Na('l > MgSO~ > N a , ! t P O  1 = Na:SO4 > Mcs-Na 

A similar order is observed fi)r the inhibition of oxygen 
ew~iution and also for the inhibition of charge separa- 
tion at molar salt concentrations (Fables II and !II). 
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 inlluencc of sahs on protein solubil- 
ity and on conformation changes of proteins are s,ud- 
ted [33]. 

Based on their effect on protein solubility, the salts 
are either described as being "salting out' (decreasing 
solubility, e.g., NazSO ~) or ~salting in" (increasing solu- 
bility, e.g., CaCI,) [33,34]. In the order of salts shown 
above, the "salting ot, t" salts are found at the right and 
the 'salting in' salts accordingly on the left. 

The solubility of a protein 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 hydmphobic domains with water. "Salting 
ou;" 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 raM. 
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 sail [35]. At higher 
concentrations the solubility of proteins is increased by 
unspecific binding of salt (e.g., to the pcptide bonds 
[33]), but also unfolded, inactive protein conformations 
are favoured. In the case of protein complexes subunit 
dissociation may occur [33]. The binding of "salting in" 
salts outweighs the effect of surface tension increase 
[341. 

Model fi~r salt induced confonnational changes between 
actit'e attd inactit'e states 

Based on these considcrations we propose that the 
activating and inhibiting salt effects on the oxygen 
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yield, which arc summarized in Fig. 7. are explaincd by 
a salt-dependent shift of equilibria between an activc 
(A) and two inactive conformational states of PS !1 (I I 
and I,). At molar salt concentrations, a further, state 
(I.~) exists which is not capable of forming the P68(t ~ O x 
pair. Wc arc aware that, in view of the complexity of 
PS 11, thcrc is probably more than one active confor- 
mation and also many diffcrcnt conformations that arc 
reversibly inactivated. Still. our simple model can givc 
at least a qualitative explanation of our results. Thc 
proposed states of our model can be characterized as 
f l f l lows. 

In the absence of suft'icicnt salt, the cquilibrium is 
shifted towards the inactive state, I~. Mangancsc may 
slowly dissociate from this conformational state as it is 
not properly stabilized by its proteinaceous iigands. 
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 0.05-5 mM) or by surfacc tension incrcase duc 
to the "salting out" salts (50-1000 mM), thc equilibrium 
is ,4.,,-.,,,,~,.,.,~ tewards the active stale A. The difl'erent 
mechanisms ol stabilization of thc active statc may 
explain the drastically different wdues for the concen- 
tration at half-maximal activation (130 /aM Ca('l , ,  
l(J(}-151) mM Na,SO 4 (Fig. 7)). 

Increased binding of 'salting in" salts (100-1001} raM) 
to PS !! shifts the equilibrium bcyond thc optimum to 
the second inactive state, I,. This statc may be due to 
at least partial unfolding of the PS 11 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 II may be removed from contact 
with water or salts through detergent molecules, the 
unfolding may occur only in the cxtrinsic protcins or in 

those loops of the intrinsic proteins that protrude into 
the aqueous phase. 

That the inhibition of oxygen evolution by high 
concentrations of CaCI 2 is due to an unfolding is 
supported by our observation that the primary stable 
charge separation, P680 ~ O,~, 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 QA by these salts are very 
unlikely, an unfolding transition to a further state 13 is 
the only reasonable explanation. As can be expected 
for such a transition, it occurs already in the ,lark (Fig. 
5). 

The activation of oxygen evolution by CaCiz (Fig. 3) 
lk)ll()ws a saturation curve, i.e., it can be explained by 
binding of CaCI_, to thc inactive state I~" 

I~ ~ ( ' a ( ' l .  ~-- A 

,P 

Thc concentration dependence for the inhil~ition of 
oxygcn evolution and charge separation by CaCI 2 at 
high concentrations (Fig. 6) has a shape different from 
that of the curve of activation. The former are similar 
to thc reversible denaturation observed with other pro- 
tcins [37] in respect to the high concentration range 
and thc sigmoidal shape. Such curves can be: described 
by a linear concentration dependence of the standard 
frec cnthaipy change (,tG") for the transition from a 
natiw-, (activc) to an unfolded (inactive) state, i.e., for 
w~ter oxidation: 

or for charge separation' 

A ' ~ "  t~ 

The lincar depend lCC can bc rationalized by consider- 
it.L: ihc excess frcc enthalpy due to the thermodynami- 
cally nonidcal behaviour of the conformational states 
[38], which can bc expected at such high salt concentra- 
tions. Interestingly, the reactivation of water oxidation 
by a "salting out" salt (NazSO 4, Fig. 7), 

I I ~-~ m 

occurs in the same range of high ccncentration as the 
inhibition by CaC! z, a typical 'salting in' salt, and might 
bc described in a similar way. 

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



tion and charge separation are ei~her 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.. CaCI, vs. NaeSO~) can be explained 
by the different properties of the salts (salting in, 
salting out). 

Relet'ance of the proposed model for PS !1 fi'om 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-I8), There, Ca e+ was found to be replaceabie only 
by Sr -'~ [39,4[I], while chloride can be substituted by 
similar monovalent ions like Br- and NO; [41]. Wc 
observed that Ca ~+ could be effectively replaced by 
Mg e+ or Na ÷ and CI- by SO~-, HPO 4- or even the 
Mes anion. In contrast to this, there are reports on an 
inhibitory effect of sulphate for PS II from higher 
plants [42,31,43], although this was not observed by 
other authors [30,44]. Based on the observed speci- 
ficity, it was proposed that Ca-"- and CI- are part of 
the manganese duster in the OEC [30,45]. 

For the case of calcium, the distinct stoichiometry 
found per PS 11 may support such a specific role of this 
ion. In PS I1 from higher plants, two Ca '-+ per O,, have 
been determined [46,47]. In a rice mutant capable of 
oxygen evolution [48] as well as in PS I1 preparations 
from Synechococcus [49] only one Ca -'+ is found per 
QA" It is still a matter of controversy whether special 
treatments that inhibit oxygen evolution in higher plant 
PS I1 either reversibly (1 M NaCI, 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 these 
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 e + and 
CI- 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:,SO 4) are in principle the same as 

those used by other workers in this field. Furthermore. 
we observed not only the same effect of sail dcpleti~m. 
i.e.. reversible inhibition of oxygen evolution, but also a 
similar concentration dependence for the reactivation 
by ('a('t , .  Therefore, il is ~casonabIc to assume that 

- 

specifically bound Ca(q, was rcmm,ed to the sa,nc 
extent as in the experiments of other authors. 

In this context it is of note that we obser,,ed a slow 
irreversible loss of oxygen yield even in the presence of 
10 mM C I  (see Fig. 2). Therefore. this irreversible 
inactivation cannot be explained by a slow release of 
chloride. That aim a loss of manganese 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 11 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 cyanobacteria. Two different mechanisms 
are not likely, however, because the structure of the 
manganese complex in the OEC is very simitar for both 
types of organism, as far as it can be investigated by 
EXAFS and EPR measurements [54.55]. At least the 
DI, D2 [56] and the extrinsic 33 kDa protein [141 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 II-protein complex. However, the dependence 
of these equilibria on the various salts is different in 
higher plants, very probably because the PS iI-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- 
mcnt for Ca e+ and CI 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 e' per PS 11) requires washing 
with 2 M NaCI [58], Without this treatment, extensive 
washing of PS 1I core preparations does not yield less 
than 2 Ca"+/PS II, but reduces oxygen evolution al- 
most completely (25e/~ 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 ii. Be- 
cause this effect can be explained on the basis of 
general protein-salt interactions, it is likely that it i:, 
also observable in PS I! from higher pl'mts, in bacterial 
reaction centres and possibly also in Photosystem I. As 
the corresponding conformational changes arc ex- 
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