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Arc there really four manganese ions per centre 
of photosynthetic water oxidation? 
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Manganese ~.,mtcnt and the amount of oxygen-evolving cenlrcs have bccn determined for purifico PS II complexes from the 
cyanobactcrium ,~(vnechococcus sp. by atomic absorption and mcasuremcnls of t]ash-induccd oxygen yields, respectively. A 
stoichiomctry of six manganese per oxygen-evolving centre was observed. Tiffs was found nol only fi~r PS II prcparation,~ with 
different activities of oxygen evolution, but also when dcactivating treatments by low-salt t~r NIt,OH incubation wcrc carried 
out. Our results call into qucstion the current thinking that I-our Mn ions arc Iocatcd in thc w, atcr-¢~xidizing complex. A 
hexanuclcar manganese model is discusscd, instcad. 

Introduction 

Manganese is an essential part of the membrane- 
bound enzyme complex named Photosystem II that 
catalyses the light-induced oxidation of water (see re- 
views, Refs. I-3). ]'his complex consists of several 
protein subunits. Two of these are the intrinsic, mem- 
brane-spanning DI and D2 proteins, which contain the 
components active in the primary photoreaction [4]. 
This starts with the photoxidation of a special chloro- 
phyll a (Chl-a u, P680) [5]. The subsequent electron 
transfer via pheophytin (I) [6] to the stable acceptor - a 
special plastoquinone (QA) [7] - leads to a transmem- 
brane charge separation [8]. From this, it was con- 
cluded that QA is located towards the outside of the 
membrane and Chl-a n towards the inside. 

Ch[-an] oxidizes a special tyrosine of D1 [9-11], 
which in turn extracts an electron out of the oxygen- 
evolving centre (OEC). The latter contains the man- 
ganese. The OEC has not yet been located, except that 
it is placed on the inner side of the membrane and is 

Abbreviations: Chl, chlorophyll; ItMCM, 2¢) mM l lepes-Na/0.3 M 
mannitol/20 mM CaCI2/IO mM MgCI:: OEC, oxygen-evolving 
cenlre; PS IL Pholosystcm It; SB1L sulfobetaine 12; SE, SBt2-ex- 
tracted PS Ii complex: SG. SE purified I'y sucrose density cenlrifuga- 
lion. 

Correspondence: It.T. Will, Max-Volmcr-lnstitut. Technische Uni- 
versit/it Berlin, Slrasse des 17. Juni 135. D-ItXI(I Berlin 12. German.~. 

protected by an extrinsic protein of 33 kDa molecular 
mass (see Ref. 12). 

By consecutive extraction of four electrons out of 
the OEC by Chl-a~ via the tyrosine, the OEC is 
oxidized to the redox statcs S u, S 2, S.¢ and S~ [13,14]. 
The unstable state S~ returns to the least oxidized 
state, Sn, this process being accompanied by the re- 
lease of one molecule of oxygen from two H20. if the 
sample is excited by a train of short flashes of light, 
each oxygen-evolving centre will thcrefi~rc evolve ~O2 

pcr llash on the average. So, the number of centres can 
be calculated from the oxygen yield obtained after a 
ccrtain number of flashes. 

Combined with atomic absorption spectroscopy for 
determination of manganese, oxygen yield measure- 
ments will give the stoichiometry of manganese per 
oxygen evolving centre, provided that manganese is 
bound only to PS I1 complexes that are active in 
oxygen evolution. While this combination has been 
applied to intact chloroplasts [I5,16], purified PS I1 
complexes, which have been available for more than I0 
years, have rarely been examined in this way. Instead, 
the amount of bound manganese was related to values 
of Chl/PS 1i taken from the literature, to components 
of electron transport or to protein subunits (for details 
and references sec Discussion). As the number of 
oxygcn-ew~lving centres was not determined, the exper- 
imental basis of the generally accepted value of 4 
Mn/OEC is too limited. 

Knowledge of the stoichiomctry is of course essen- 
tial for the elucidation of both the structure of the 
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water-oxidizing centre and the mcchanism of water 
oxidation. Wc have thcrcl~rc addressed this problem 
again on an extended experimental hasi.n. Not only was 
the number of oxygen-evolving ccntFcs determined fnm~ 
flash-induccd oxygen yields, but also the total number 
of PS Ii complexes was dctcrmincd from absorption 
changes at 3211 nm duc to photorcduclion of On. 
Taken together, these measurements allmvcd us to 
calculate the number of PS I1 conlplcxes not capahlc of 
water oxidation. Highly purified PS !! complexes from 
the cyanobactcrium Svnechococcus were used t\~r these 
investigalions. Manganese was determined by atomic 
absorplion. 

Materials and Methods 

(),-evoking PS II extracts (SE) from the cyano- 
baclerium Svnechococctc', sp. were prepared essentially 
as described it] Rcf. 17. Ihesc were purified by a 
sucrose density ccntrifugation according to Ref. 18. 
For a characterization of these purified complexes 
(SG) scc Rcf. 19. They were slorcd at -8(1°(" in 2(1 
:aM Mcs-Na (pH 6.5), 2(I mM CaCI ,, 111 mM MgCI2, t 
M sucrose and I).()~V'} SB 12. 

Oxygen yield was measured with a ZrO2-oxygcn 
sensor [_(I..:t]. In this apparatus, oxygen evolved by a 
fiash-iIlunfinatcd sample (volume I ml. 10-30/aM Chl) 
is swept out of the cuvctle by N~ gas ( < 1()(1 ppb ()2) to 
a measuring cell containing the O2-spccific ZrO, elec- 
trode (Programmelcctnmic). The measured electromo- 
tive force is electronically converted into a DC-voltagc 
proportional to the oxygen concentration in the carrier 
gas. This volt,~gc is digitized and read into a computer, 
where the concentration-time ct, rvcs can bc inte- 
grated. The apparatus is calibrated by injection of 50 
#1 air saturated water, prepared by bubbling air through 
dcionizcd water for 311 rain. followed by a further 3(I 
rain strong stirring [22]. Values of the oxygen concen- 
tration in air-saturated water were taken from Ref. 23. 
Further details are decribed in Ref. 20. 

For measurements of flash-induced oxygen yields. 
samples were illuminated by saturating flashes of white 
light from a xenon flash lamp (211 ~s fwhm). Oxygen 
yields wcrc measured in the presence of 2 mM 
K.~[Fc(CN),] and 200/aM phcnyl-p-bcnzoquinonc with 
4()-1(i() flashes at 1 Hz. No systematic differences arc 
observed between measurements with the ZrO2-oxygcn 
sensor and a Clark-type electrode [24]. 

Photorcduciblc O,x wins determined from thc initial 
amplitude of the flash indt, ccd absorption change at 
320 nm (..le = 130(|0 M ' l  cm i). Samples contained 
20-411 /aM Chl, 2 mM K~[Fc(CN),,] and 200 /aM 
dichlorohenzoquinonc. An exogenous donor was not 
required for complexes inactivated in oxygen evolution, 
ins the llash frequency (I Hz) was slow enough to allow 

for recombination of O,, ~,ith Chl-al~ (1t: 2 < JO ms 
125]). 

('hlorophyll was determined by extraction in 8(le; 
acclane/wa~cr and mca:mrcment of thc absorb,'mce at 
~ 3  nm vs. 7(10 nm. An extinction coefficient of e--- 
73N()(IM tcm ~ was used. 

Manganese was determined with a Philips SP9 
atomic absorption spectrophotometcr equipped with a 
graphite furnace and at] autosampler. Every sample 
wits measured two or three timcs. For samples contain- 
ing CaCI J M g C I : ,  a temperature programme was used 
with thc steps I0 s at 130°C (drying), 15 s at 800°C 
(ashing) and 3 s at 2400°C (atomization). If samples 
had been treated with cation exchange resin (see be- 
low) and therefore contained NaCI, a different temper- 
ature programme had to be used. namely 1(1 s at 130°C 
(drying). 15 s at 1400°C Cashing) and 3 s at 2200°C 
(atomization). l 'hc absorbancc at the wavclcngth 279.5 
nm was determined from the heights of the absorption 
0caks. The concentration dependence of the ab- 
sorbancc was linear in the range of 1 ppb to 8 ppb 
(0.()18-1J.145/aM). Standards wcrc prepared by adding 
diluted Mn(NO.~) 2 standard solution (Fluka) to buffer 
of the same composition as that of the samples. 

A purification of the chemicals used was found to be 
unnecessary. The buffer solutions contained less than 
0.5 ppb (0.11(i") //M) Mn. Deionized water purified in a 
Milli-Q reagent water syslcm (Milliporc) was used in 
all experiments. 

Salt exchange, EDTA and NH~OH removal wcrc 
achieved by gel filtration with prcpackcd PD 11) 
columns (Pharmacia) containing Scphadcx G 25 M. 
These columns arc highly efficient in the removal of 
small molecules [26]. 

Deactivation of oxygen evolution was achieved in 
three ways 
(1) Low-salt conditions were realized by passing SG- 
complexes (1.5 ml, 90/aM Cht) through a gel-filtration 
column equilibrated with 2(I mM Hepes-Na (pH 7.5), 
10 mM NaC! and 0.3 M mannitol and subsequent 
incubation for the time indicated. Deactivation was 
stopped by rcaddition of a 3.8-fold volume of 20 mM 
Hcpcs-Na (pH 7.5), 21) mM CaCI 2, 10 mM MgCI_, and 
0.3 M mannitol (HMCM). 
(2) Deactivation by the reductant NH~OH was real- 
ized by incubating SG complexes with the indicated 
concentration of NH2OH at pH 7.5 (HMCM). The 
dcactiwLtion was stopped by passing the treated com- 
plcxcs through a gel-filtration column equilibrated with 
HMCM (pH 7.5). 
(3) Deactivation by cxccss CaCI~ (1 M) was performed 
by incubation of SG complexes under room light for 2 
h. It was stopped by removal of excess CaCI, through 
gel filtration (HMCM, pH 7.5). 

After deactivation by low salt or Nit ~OH, the man- 

ganesc released from the deactivated ccntres was corn- 



pletely removed by a treatment with the cation-ex- 
change resin Chclcx 1(10 (sodium form). The samples 
were shaken 15 s with 2(1(;~ (w/w) of the resin. After 
the resin had settled (sometimes accelerated by ccnlrif- 
ugation (Eppendorf centrifuge 5414 S) for 10 sk an 
aliquot of the supcrnatant was taken and frozen at 
-30°C. Before determination of manganese, these 
samples wcrc diluted 5-fold with purified waiter. Man- 
ganese released from deactivated cenlres was removed 
by gel filtration after treatment with I M CaCI 2 and 
NH2OH where indicated. 

Results 

Table i shows the results of manganese determina- 
tions in SE and SG preparations. These arc in agree- 
ment with values of other authors obtained for PS 11 
preparations of Phormidium lambtosum [27] as well as 
with other preparations of Synechococcus [28-30]. Un- 
fortunatcly, the ratio of M n / O E C  was not given in 
these publications. 

A higher Mn content was found for SE compared to 
SG preparations, as can be seen by the higher M n / O  A 
and M n / O E C  ratios as well as the lower Chl /Mn 
ratio. A similar difference between unpurified and 
purified PS I1 complexes was also observed by Stewart 
et al. and Satoh et al. It may be due to a manganese-bi- 
nding protein that is not related to water oxidation and 
removed upon purification, It has been reported, for 
instance, that CF1 of the ATPase binds manganese 
[31,32]. Co~,sidering that the observed difference seems 
to be fairly reproducible, it may be that such a man- 
gancse-binding protein is more closely associated with 
PS 11. 

The value of about 6 Mn per OEC even for the 
purified SG complexes is rather a.,,tonishing, as it is 
generally assumed that there arc four manganc.';e per 
OEC. A simple explanation for this discrepancy might 

TABLE ! 

Results of manganese detern,inations with SE (4 preparations l and St; 
(6 preparations) (.omph,res from (3'anoha('teria 

Values are averages±S.D. For comparison. Ihe results of olhcr 
aulhors obtained with differenl prcparali~,as from cyamfl~actcria arc 
shown (a: Mn/Tyr lDl  )). 

Ref, Prep, Ch l /  Mn/O,~ M n /  
M n OEC 

lhiswork SE(unpurified) 14_+2 4.3±0.9 
SG (purified) 18±3 2.7..+_0.3 

Stewart e'. al. I27] unpurified 14 -- 
purified 19 - 

Satoh el al. [2g,29] unpurified 14_+ 2 3.5 ± 0.9 
purified I(~+ 2 3.2-0.~} 

MeDermolt el al. [30] - I t) 3.5 +tl.5 "' 

8 . 5 ±  1.4 
5,g _+0,4 

...l~ 

TABI.[! II 

]'tie cf[i 'Ct ol  t arioti~ trt 'alol('t~t~ oil f ib '  ~h¢lv,"dtl<'~C + ~l~t<'~'! . t i e /  ~' ,  f]lV 

rrlolit +' or3 e+'n t'whl o/,~(;-ron?p[ct('~ 

l h c  mcdmm hclurc gcJ-filhali~m conlaJncd 2~t rnM l lcpu~-Na (ptt 
7.51. I0 mM Na('l. 7 mM ( 'a t ' l , .  3,5 mM M e('~.,. 1t.3 M rnamlilol: 
aflcr gel fillratitm and fol ('hclcx IrcalnlcrJl il contained ] |M('M (p}l 
7.5t 

Trcalmcnl M n  Mn,  Rcl. () .  
()~ t ) E (  ~icld ( ' ;  

N o r l t . '  -~ t , -. ) h 3 I()It 

Gel filtrali~m Igf) aloll¢ 2.6 t~. I ')1 
10min 2()mM L:DIA +gf 2.8 5F* 97 
2 h 20 mM EI)TA # gf 2.S ft.2 q5 
t rain 2<1'; (w /~ )  ('helex 3.1 5.9 106 
5 rain 2tl ~ M NIl ~()! I +t l l  rnin 

2il mM H ) T A +  gf 2.2 ¢,.5 (,+, 
55 rain 211 p M NIt .OIl  + gl 2.11 t5.4 t+5 
5 rain 2 mM Nil ,()It + gf • {i.I < (1.7 

be that our SG complexes still contain manganese from 
contaminations. To check this, we tried to remove Mn 
contaminations by various treatments as shown in Table 
I1. 

Gel filtration alone or in combination with a chela- 
tor (EDTA) or treatment with a cation-exchange resin 
(Chelex 100), all of which leave the oxygen yield practi- 
cally t, naffected, do not lead to a removal of man- 
ganese. EDTA was used 2-foid in excess compared to 
the concentration of divalent cations (Ca, Mg, Mn). 
The effective stability constant of the EDTA-Mn com- 
plex is i0 L~a at pH 7.5. ]he  manganese in our SG 
preparations must therefore bc very tightly bound. 

sta,ue than As Mn(ll) complexes are gcnerally less ' '-" 
the complexes of higher oxidation states, we also per- 
formed a treatment with a reduclanl (hydroxylamine). 
This reagent reduces the S-states nf the OEC [26] and 
finally leads to the release of manganese [33]. This was 
al,~o observed with our SG complexes, as can be seen 
by the Mn/'O,~ ratio. This ratio decreases with the 
incubation time and/or  the concentration of NH ~OH 
to less than 0.1 Mn/O,x. Ho,~evc,. those centres that 
arc still active in O, evolution seem to retain the 
manganese, i.c., about 6 Mn/OEC. 

As can be seen from Table I1, the ratio of Mn/O. x 
is lower than the ratio of Mn/OEC.  This indicates that 
there are more complexes that only have a photore- 
duciblc Qa than those that are additionally capable of 
O, evolution, if those centres that do not evolve oxy- 
gen still have some manganc.,,c bound, the value of 6 
Mn/OEC.  calculated from the total mangane,;c con- 
tent, would not reflect the true number of manganese 
ions in active oxygen-evolving centrcs. If this assump- 
tion is correct, there should still be detectable man- 
ganese as the O, actMty approaches zero. Wc there- 
fore looked at the way the manganese content is corre- 
lated with the activity of oxygen evolution. 
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Fig. 2. Anmunl of manganese, Ox and t~xygen-cvolving cenlres per 
1{t(I c]~lorophyl],, allt| Ihe ratio of Mn/OE("  ( ,, ) as a function of the 
incul~ati~m lime with 211 #M Nit ,()11. t lM( 'M (ptt  7.5). Manganese 
x~a4 determined after Chclcx treatment, the amount of OECs was 
determined afler gel-fillration ( t tM( 'M. pll 7.5). For details see 

Materials and Method,,. 

Thcsc investigations wcrc perfl~rmcd with untrcated 
SG-complexcs from prcparations differing in O, activ- 
ily (the differences are caused by unavoidable varia- 
lions in the growth conditions of the cyanobacteria 
and/or  a vaoing degree of deactivation in thc coursc 
of preparation) but also with treated SG complexes. 
We used treatments where a spccific deactivation of 
waler oxidation is accompanied by a loss of manganese. 
This requirement was fulfilled by exposing the SG 
complcxcs to insufficient salt concentrations of 1() mM 
NaCI [62] (Fig. 1) or to 20/.tM hydroxylamine (Fig. 2), 
In both cases the loss of O~-activity was paralleled bv a 
loss of manganesc, whereas the O..x-activity was not 
affected. "l'hc ratio of M n / O E C  remained constant ;is 
can be seen at the top of Figs. i and 2. 

Fig. 3 shows the correlation between manganese per 
chlorophyll and ox.vgcn ewflving ccntres per chloro- 
phyll. The data points arc values obtained after differ- 
ent deactivating treatments ur with untreated SG com- 
plexes. The corrclatitln is '¢cty good (correlation cocffi- 
cicnt = fl,48). The linear regression has at y-intcrccpl of 
0.30- 111 e Mn/( 'h i ,  As thcrc wcrc about 40 to 7(I (,'hi 
per Oa in the SG complcxcs used. this valuc corrc- 
sponds to maximally 11.2 Mn/Q:x. 

The slopc of thc lincar rcgrcssion corresponds to 
thc number of manganese ions released per deacti- 
vated c~ntrc, The slope is 5.5 Mn/OEC,  in line with 
the vahtc of about 6 Mn bound to PS !I pcr active 
OEC, which was found indcpendentfy in thc expcri- 
ments of Tables 1 and 2. The slightly Iowcr valuc is 
explained by thc y-intercept, which is not exactly zcro. 
although it is negtigiblc (see above). There is no corre- 

iation bctwccn thc amount of Q,a per chlorophyll and 
the manganese per chlorophyll (not shown). 

As alrcady mentioned, the valuc of 6 M n / O E C  
rcprcscnts the truc sioichiomctry only if the possibility 
can bc excluded that inactive ccntres contain man- 
gancsc. Fig. 3 shows that thcrc arc no inactive centres 
containing mangancsc if thc deactivation is complete, 
The possibility cannol, however, be cxcluded that there 
arc inactive ccntrcs with an amount of manganese that 
is exactly proportional to the amount of active centres. 
Undcr these conditions the value of 6 M n / O E C  would 
still bc an apparent ratio, and the true value would be 
smalfcr. Thc straight line in Fig. 3 would then be the 
sum of two straight lines. Onc of these would show the 

~Jr . . . . . . . . . . . . . .  A 

0.0 0.2 0.4 O.{i 0.8 1.0 ~ 2 

OEC p~r '100 Chl 

Fig. 3. Amount of mantzane~c per Ill() chlomphytl.~ as a function of 
the amtmnt of tlxygen-evolving cenires per l()l) chlorophylls for 
various ~realed and untreated SG complexes. The symbols indicate 
untreated SG complexc.4 from eight different preparalJons (1). Iow- 
sah treatment (~,). trcalmenl with 2(I/.tM NIl 4)f1 ( ~ ;  I1: Mn-de- 
termination atlcr gel fillrationL 10It ,u.M Nit ,Ot] ( A I. I mM NH ,Ott  
( : ) ,  2 mM N l t~ ( ) l t  (A) .  20 ,aM N t t , O t |  and 20 mM E D T A  (0 ) .  



manganese content of active centres, the other the, ~)t ~ 
inactive centrcs. 

New information on the possible intluencc ~f in,to- 
live ccntres becomes available if the ratio of Mn/OEC 
is investigated in dependence on the fraction of inac- 
tive ccntres. Therefore, besides thc number of active 
eentres (from the oxygen yield) also the total number 
of PS II complexes (from the yield of photorcducible 
OA) was determined. The results obtained in this way 
are depicted in Fig. 4. This shows the ratio of Mn/OEC 
as a function of the fraction of active ccntrcs 
(OEC/OA) and thus also the fraction of inactive cen- 
tres ( I - O E C / Q a )  among the total number of PS !! 
complexes. The data of Fig. 4 can be described by a 
horizontal line that corresponds to an average of 6.0 _+ 
0.7 Mn/OEC, i.e., this valuc is independent of the 
fraction of active and inactive centres, respectively. 
This is understandable only if under the conditions 
shown the inactive centres do not contain manganese. 
Therefore the value of 6 M n / O E C  does not reflect a 
contribution of inactive centres, but represents the true 
stoichiometry. If the true value were less than six, e.g., 
four, the value of Mn/OEC in Fig, 4 would have to 
decrease to four for O E C / Q a  = 1, because then the 
fraction of inactive centres is zero. 

If inactive centres containing manganese are created 
by certain treatments, the dependence of Mn/Chl on 
OEC/Chl  (Fig. 5) is distinctly different from that ob- 
served in Fig. 3. An example for such a treatment is a 
deactivation by 1 M CaCI,, as has already been re- 
ported by Ono and lnoue [34]. This treatment inhibits 
oxygen evolution completely and reversibly in the dark. 
In the light, the inhibition becomes irreversible [62]. 

Fig. 5 shows Mn/Chl as a function of OEC/Chl  for 
SG complexes that were treated with 1 M CaCI2 for 
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details ~ce .M:ltcrial,, :tnd Metht~d,). 

various times under illumination, fi~llowed by gel filtra- 
tion. In contrast to Fig. 3, a significant y-intercept can 
be seen, which corresponds to about 2 Mn/O,x. Likc- 
v,ise the slope of the straight line in Fig. 5 is only about 
3.,.l Mn/OEC. The results of Fig. 5 arc explained by 
the additional presence of manganese in the inactive 
centrcs. The contrast between Fig. 5 and Fig. 3 sup- 
ports the conclusiveness of our results in Tables 1 and 
2 and Figs. 1-4. These indicate that unless the extraor- 
dinary treatment with i M CaCI, has bccn carried out. 
the inactive centrcs among our SG complexes do not 
contain manganese and that per oxygen-evolving centre 
six manganese ions are present. 

Discussion 

As our results differ from the nowadays generally 
accepted stoichiometry of four Mn/OEC, we have 
thoroughb studied the literature of manganese deter- 
minations with PS II (reviews, Rcfs. 1. 2,3. 35, and 
publications cited therein). Almost all of the work done 
in this field suffers from the omission of oxygen yield 
measurements to determine the amount of oxygen- 
cvohing centres, While some authors relied on litera- 
ture data for the ratio of Cht/PS II (c.g., Rcf. 36), 
those who related the manganese content to the mca- 
:,,urcd amount of Q,x [28], phcophytin I 137] or the 
special tyrosine of D1 [31)I did not take into account 
the possibility that this may not bc identical to the 
amount of o~'gen-evolving centres. On the other hand. 
the values of manganese per electron transfer compo- 
nent given in these publications are in agreement with 
our value of 2.7 __* (1.3 Mn/OA (Tablc 1). 

A value of 2-4 Mn/PS il has bccn estimated by 
determining the amount of 47 kDa protein from elec- 
trophorcsis densitograms [38.39]. This protein was then 
believed to be the reaction centre of PS II. This ha,, 
been shown not to be correct [4]. Because the ,.17 kDa 
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protein is found also in PS I! prepap~r.i~m,, that d~ not 
cvol~c t~xygcn ~c.g.. Ref. 411L il is in :tny case no 
measure for the amount of oxygen-cvoMng ccntres. 

Two groups ha,re nrcncntcd results ~f oxygen ~,i,'ld 
measurements in connection with manganese determi- 
nations. Abramowicz ct al. [41] have reported on a 
ratio of 3.4-4.0 Mn/()E("  for PS II particles from 
spinach, but no expcrimcnl"J dctaits hm, c bccn giv::n in 
this work. in Rcf. 16. ('hcniac and Martin concluded 
thai there is a total o t 3  Mn/OE( ' .  but found thai 
oxygen evolution ~,,as abolished upon removal of ~mly 
t~o thirds of this illilngilncsc, i.C,, t~O manganese 
should be functional in oxygen evolution. The total 
number of Mn's per OE( '  ~as latcr corrcctcd by a 
factor of two [33]. In the later ~ork it was therefore 
concluded that four manganese arc associated with 
oxygen evolution. 

A two-slep release of manganese has been reported 
for treatments with Tris [ 16.36]. N H ,OH [! 6] or EDI'A 
[42]. Wc did not. however, observe such a diftL'rcntial 
release upon the hwv.salt and N H , O H  treatments de- 
scribed tsee Fig. 3). P, cas~ms lor this discrepancy are 
discu,~sed in the following. 

The results in Rcf. 16 ~vcrc obtained v¢ith whole 
chlon)piasts. A quantitati,;c removal of mansancsc lib- 
crated from the active site may have been difficult, as 
this rnanganesc It) sore,2 extent could have been trapped 
inside the thylakoids [43]. Furthcrmorc. the conclusion 
in Rcf. 16 that there arc two pools of manganese ~as 
based on the comparison of oxygen evolution rates with 
the manganese content. By the treatments applied in 
Ref. 16, however, also the rates of electron transport in 
the prcscncc of exogenous donors wcrc affected. 
Thcreli~rc. under thosc cxpcrimcntai conditions the 
rate of o~gcn evolution may have been very. low. 
although there was still a significant amount of 
oxygen-c~olving centrcs. Conscqucntl.v, thc residual 
manganese may have bccn due to these ccntrcs. 

The results in Refs. 36 and 42 were interpreted as 
being duc to a partial release of manganese from all 
oxygen-evolving ccntrcs. As the correlation betwecn 
manganese content and the actMt~ of oxygen evolution 
was not investigated, these results may also be c x I 
plaincd by a complete loss of manganese from onh a 
part ef the ccntrcs. 

Is the manganese content of PS il from highcr 
plants different from that of cyanobactcrial PS I!? 
Some preparations from higher plants typically contain 
40-60 Chl /Mn [44-46], but these still havc thc light 
harvesting complex and therefore a larger number of 
antenna chlorophylls. Dctcrgent-solubilizcd and puff- 
ficd PS I1 complexes contain about 13 ( ' h l /Mn [47.48]. 
similar to cyanobacterial preparations (sec Table IL 
Furthermore. comparative measurements of the EPR 
multiline signal [49,30] and of the manganese EXAFS 
spectra [30] did not show systematic differences be- 

lwccn higher planls and cyanobacteria. This intnu.tc~; 
thvt lhc slructure of the manganese duster of the 
ac|ixc site is r~robably the same. 

Although oxygen-yield measurements are essential 
for a determination of Mn/ ( )EC.  they are in principle 
affected by the misses and double hits [14] occurring 
v+ith the flash-induced S-state transitions. The fraction 
of ccnlres thai do not make a turnover upon a certain 
flash (misses) escapes detection, while that fraction 
that perform a double turnover v, ill be 'counted' twice. 
So. if the miss parameter is much higher than the 
double-hit paramcter, the number of oxygen .. . .  king 
ccntrcs determined from the average oxygen yield per 
flash would be systematically too small and the 
Mn,/Ot!C ratio mcrefore too large. 

Flash patterns of oxygen cvolutio, ha, e been mea- 
sured by Meyer et al. [21] with an SL preparation and 
the ZrOyoxygen sensor used in this work. 10g: misses 
and 7(:~ double hits were calculated for the patterns 
measured under conditions very similar to those of this 
work. Thus. we exclude misses and double hits as a 
source of a systematic error in determining the number 
of oxygen-evolving centres from oxygen yield measure- 
ments. This is supported by the fact that no systematic 
diffcrcnccs wcrc obscrvcd bctween measurements with 
the ZrO2-oxygen sensor and a Clark-type electrode 
[24]. 

Though we did observe a strong effect of the salt 
matrix of our samples on the response of the atomic 
absorption spectrophotomcler, which was eliminated 
by a suitable temperature programme (see Materials 
and Methods). no effect of the protein matrix was 
observed. The same results were obtained with both 
tcmperaturc programmes (sce. for exampic, Table 11, 
Chclex trcated vs. untreated sample). These facts stand 
against a systematic error in the manganese determina- 
tions. As shov, n in Table I there is also an agreement 
of our results for Chl /Mn and M n / Q  a with the results 
nf other authors. 

We do not know to which protein subunits the 
mangancsc is bound. Thcrclorc. wc cannot be sure 
lhat all the mangane~, is located at the same site. 
although wc did no+. ohsdrve a differential release of 
manganc,~e (scc ab~3vc). Probably. only a part of the 
manganese is activcty participating in the mcchanism 
of water oxidation. Most of the manganese may only 
havc a stabilizing function. Considering the symmetry. 
of PS !1. onc could a!so speculate that three man- 
gancsc ions arc bound to the D1 and D2 protein, 
rcspcctivcly. Results in favour of manganese binding to 
D I [51L51J do not rule out the possibility that D2 also 
binds manganese. 

Complexes containing 6 manganese ions have b,,en 
synthcsizcd [52.53]. which havc similar Mn-Mn dis- 
tanccs as those observed by EXAFS of the OEC, 

o 
"1 namc!v _,7 A and 3.3/~ [54--581. Longer distances may 



escape detection by [-XAI:S [551. ]hcrcfl~rc. these data 
do not rule out a higher nuclcarily than h)ur m;m- 
gancsc i,,,:' per f)E('. I towcvcr, the o~rdination num- 
hcl-s thai arc obtaincu L,"-,, the I :XAFS spectra (~t the 
OIL(? together with the distances do .,4 ";,,incidc v.ith 
the hexamangancsc complexes cited above. For t~;,, 
reason they may not be structural models for the OE( .  

For the case of an oxygen-evolving complex with six 
manganese we have thcrclore construc:ed a model 
which is designed in accordance with the EXAFS data 
and the c(~rdination chemistry of manganese [59]. 
Several alternative hexanuclcar models arc possible. 
Wc have chosen the simplest one, namely a symmetric 
arrangement of the manganese ion,,,. This model is 
shown in Fig. 6. Two bent Mn-trimcrs arc symmctri- 
coally connected by a #-oxo-#-carbox3lato bridge of 3.3 
A betwecn Mn(2) and Mn(2'). In each trimcr there arc 
two di-/.t-oxo bridges of 2.7 ,& between the manganese 
ions. Further magancsc-manganesc and manganc,~c-- 
ligand distances are presented in Table I!1, together 
with the corrcsponding coordination numbers (N). 
Terminal ligands of manganese arc assumed to bc 
oxygen or nitrogen aloms from the surrounding amino 
acids. 

The manganese ions (I) and (1') may bc the two 
redox active ones that arc ligated with water. For the 
possible states of these two manganese ions ~nd of 
water in the S.-* S 3 transitions, sec Refs. 611. 26. Two 
hydroxyl ions, which are probably present as deriva- 
tives of water in the S, state, were therefore included 
as ligands of Mn(l) and Mn(i'), respcctivcly. The oxy- 
gen atoms of these hydroxyl ions would be in a suitable 
distance (about 1.5 A) fi~r the formation of the O - O  
bond prior to the rcleasc of O,. Mn(2) or Mn(2' t, ram, 
be the third redox active manganese [26]. it ma,, trigger 
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the rcica,,c of (), b) an indudivc etlcct il it r, ~,~,idi/ud 
in S 4. The Incrca,,ed posili'.rc chaqzc ~t thi- Mn i~m 
could make the ,)xidation p~)tcntJal ~1 ,Mn(I) and .Mn( 1"t 
sufficiently p,~sitive l(~r an clcclr, m Ir;lllnlef tr(~m lhc 
oxn-atoms (if water Io lhc,,c 11'1~ll|~.inc~c i()11~, ,~11(2) ()! 
Mn(2') may aho bc tha', less accc,~sihlc li~r ihc reduc- 
tion hy Ni l  :OH and rcsponqhle for the crc;ition ~I the 
S ,-state through this reagent [26.61]. According t¢~ 
recent results (Krctschmann and Witt. unpunished 
data), the remaining lhr,_c Mn ion,, arc not rcdox-ac- 
live but arc present in the S,~-S~ ,,talc in a con,,t:ml 
valcncc c(mtigurati~m, l'hc~ rna~ bc u,,ctu] a,, a ti,,k t~ 
the special tyrosinc,, funct,m~,l in electron tran',D~lt (,1 
PS II. ()no could, therefore, al,,~ c~m,,idcr a m~dcl 
whcrc a rcd(.)x-acti~u Mn trimcr ~,, h(mnd t~) the. 1)~ 
pn,teln and an inactive .Mn ~rimcr t.,~ ~hc 1).-pu~t,.Jn 
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Fig. 6 A ~.icv~ ~1' a h.~polhctical hcxanuclc,~r mang,mc,,c m~dcl 
compic× M n ( l )  and Mnt 1') arc suggc'.tcd In N: rcdo,~ ;..l=,.c in the 
pr~es,,  of water ~xidation. T~,o ll)drox,,] i~m,, arc Ii~alud I~ them. a', 
proposed l~u Ibc % slalc. "]'-hc carbon ;t[¢~rr)ot Ihc (;~rN~L~lalc t~r~d~c 
bet~ccn Mn(2 i  and Mn( 2'1 i,, mdi~.atcd I~. a d~,~, F~)r further" detail,,. 
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