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Lanthanides and calcium compete for binding sites on the oxidizing side of Photosystem II. Vehcn the triv:dcnl ions replace 
calcium, the oxygen evolving complex is unable to proceed to the higher oxidation slatc~,. Oxygcn-t,,.oluti~m activit.~ can bc 
reconstituted by removing the lanthanidc and adding back caicium. The number of lanthanidc atoms bound to PS h prcpar~tions 
with and without the 17 and 23 kDa spcci.zs is the same. This is taken as evidence thai the extrinsic 17 and 23 kD, do not bind 
lanthanide/calcium ions. A low-temperature EPR study, with both diamagnetic and paramagnctic lamh, mdc ions. has 
demonstrated a close interaction bctwcen the lanthanidcs and the tyrosinc radical YD- 

Introduction 

The oxygen-evolving complex of  Photosystem I1 (PS 
I!) is a highly o rdered  structure of  various polypeptides 
which provide the binding sites for the inorganic cofac- 
tors required for catalytic activity (reviewed in Ref. 1). 
Al though it is now widely accepted that manganese.  
chloride and calcium are necessa~ '  f,~r the sequential  
four-electron oxidation of  water  to ~v~olecclar oxygen, 
their  catalytic action is not well understood. Of  the 
three types t~f ions involved in the photosynthetic split- 
ting of  water,  manganese  has been extensively charac- 
terized. It is now beiieved that the lower limi; for Mn 
content  in Photosystem II is tour atoms per reaction 
center  [2], and its direct involvement in tl',e ox3.'gen- 
evolving complex ( d E C )  has been clearly demcns t ra ted  
(reviewed in Ref. 3). Various studies have placed the 
locus of  CI -  action within the d E C  [3-7]. The  third 
ion required for oxygen-evolution activity is Ca z ~ [8,91. 
The  possible role of  Ca-'* in the advancement  of  the 

Abbreviations: Chl, chlorophyll: Ln. lanthanide: Mcs. 2-( S-morpho- 
lino)ethanesulfonic acid; dEC. o~gen evolving complex: PS 11. Pho- 
Iosystem I!. 

Correspondence: D.F. Ghanotakis, Department of Chemistr). Uni- 
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S-state sequence of the O E C  has been investigated by 
a series of d i f fe 'ent  cxperimental  approaches. Al- 
though various proposals have been made regarding its 
role. its binding site(s) has (have) not been charac- 
terized. In order  to better  understand the function of 
calcium within the OEC.  we should determine which 
protein or  proteins provide the ligands to the cation. In 
addition, we should obtain more intormation about its 
location with respect to the o ther  redox components  of 
Photosystem 11. 

Ca-'* interacts specifically with almost I(I() proteins, 
and several reviews describe many cases [10,1 1]. Ca =* 
lacks both electronic transitions that give rise to acces- 
sible absorption spectra and unpaired electrons for 
studies through magnetic resonance techniques. Due to 
these difficulties, various calcium binding enzymes have 
been studied through selective substitution of Ca -'+ 
with o ther  metal ions that elicit physically measurable 
phenomena.  A series of trivalent lanthanide or  rare 
earth cations have been used as suitable probes for 
CaZ'-binding enzymes. Although there is one unit 
charge difference between the trivalcnt lanthanides 
(denoted in this communicat ion as Ln 3 . )  and Ca 2+, 
the close similarity in their ionic radii seems to be the 
important  factor in substitution experiments.  Among 
the various lanthanides there are a few which are 
suitable for EPR experiments (e.g. Dy 3-. Gd ~* ). oth- 
ers can be used in N M R  experiments (e.g. Eu 3 -, Yb 3" ) 
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[12]. and. finally, one ( l b  ~' ) can bc used ;Is a sensitive 
probc of ( ' a : -b ind ing  pr~,tcin~ through luminescence 
cxpcrimcnt~ [13]. 

It was prc~iously shown that calcium and lan- 
thanidc~ compete for binding sites at the oxidizing side 
of Photosystcm 11 [14]. That particular discovc~ led 
Ghanotakis ct al. [14] to suggest a f'oncanavalin A-type 
structure in which ( 'a:" binds iia close proximity to the 
Mn complex and affects its structure. Such a structural 
arrangement is supported by the recent EPR data from 
three different groups. It has bccn shown that inhibi- 
tion of O, evolution by cxtraction of Ca:" from PS il 
membranes causcs a structural change of the man- 
gancsc clus!cr as demonstrated by the formation of a 
new modified multilinc signal, which is altributcd t(. an 
S,-oxidation state of the OEC. ]'his structural change, 
generated either by Ca:" extraction with citric acid at 
pH 3 [15.16] or by NaCI/EDTA washing [17]. causcs 
enhanced kinetic stability of the manganese cluster. 

In the present work. wc carried out a selective 
substitution of ( ' a :  with ~arious paramagnetic and 
diamagnetic lanthanidc ions and studied their effect on 
the structural and catalytic properties of Photosystcm 
11. Using EPR spectroscopy, wc have been able to 
extract information about the rctative location of 
Ca-" ~-binding sites with respect to other redox spccics 
of the oxidizing side of PS 11. 

Materials and Methods 

Photosystcm 11 mcmbranes werc prepared as d:-  
scribcd in Rot. 18. Substitution of calcium by vario, ts 
lanthanidc ions was carried out by the lk)llowing proc.'- 
dure: intact PS I1 membranes (1 mg Chl/ml;  0.4 ,~A 
sucrose. 15 mM NaCI and 50 mM Mcs (pH 6.0)) wcrc 
exposed for 45 min (in the dark at 4°C) to 2 M NaCI in 
the presence of 2 mM knCI 3 (Ln: lanthanidc in gen- 
cral). This treatment results in a PS 11 system which 
has all its calcium rcplaccd by thc lanthanide and 
moreover has bccn depleted of thc extrinsic 17 and 23 
kDa polypcptides (denoted as [Ln]'-PS I1). In addition, 
the prcsence of high conccntrations of NaCI during 
exposure to the lanthanidc rcsults in a system which 
retains all four manganese ato~.,, (sce Ref. 14 for 
details on the protective effect of NaCI). A decrease of 
the ionic strength by dialysis against a solution contain- 
ing 50 mM Mes (pH 6.0) and 15 mM NaCI results in 
rebinding of both the 17 and 23 kDa proteins (denoted 
as [Ln]-PS !1). If the rebinding of the 17 and 23 kDa 
species was prcceded by a 2 mM EDTA trcatment (2 h 
at 4°C. in the dark), a system which retains all three 
extrinsic proteins but contains neither calcium nor a 
lanthanide was prepared ([Ln/EDTA]-PS I1). Tris 
treatment of the [Ln]-PS I! and [Ln/EDTA]-PS II 
systems was carried out by exposure of the prepara- 
tions to 0.8 M Tris ~pH 8.2) (20 min at 4°C, at room 

light) ('Iris[I.n]-PS 11 and Tris[Ln/EDTA]-PS 11). All 
samples ~vcrc rcsuspcndcd in a solution containing 20 
mM Mcs (pll 6.0), 15 mM NaCI and 30% iv/v)  ethy- 
lene glycol. Gel elcctrophoresis was carried out as 
dcscribcd in Rcf. 18. Thc oxygen-evolution activity of 
the various PS 11 preparations was measured by a YSI 
Clark-type oxygen electrode. The manganesc and cal- 
cium content of the various preparations was deter- 
mincd by atomic absorption spectroscopy (Perkin- 
Elmcr. model 4000). The number of Dy 3+ per PS 11 
was estimated by EPR spectroscopy. The peak height 
of the g = 17 Dy ~÷ EPR signal in Dy :' +-treated PS 11 
was compared to a Dy 3+ standard (0.2(I mM Dy 3+ in 
15 mM NaCI, 20 mM Mes at pH 6.0, and 30% (v/v) 
ethylene glycol) to determine the Dy 3+ concentration 
in the DyS+-trcatcd PS 11 preparations. The data were 
collectcd using the following EPR spectrometer condi- 
tions: microwave frequency, 9.05 GHz; microwave 
power. 11 #W: field modulation frequency, 10(1 kHz; 
field modulation amplitudc, 2(I G; temperature, 7.0 K. 
The PS 11 concentration was determined by an EPR 
spin count of Tyr~ as described by Babcock et al. [25]. 
EPR scans wcre pcrformed on a modified JEOL ME- 
3X X-band EPR spectrometer equipped with an Ox- 
ford ESR-q00 liquid helium cryostat, as described in 
Rcf. 19. 

Results and Discussion 

The following PS 11 preparations were investigated 
in this study (see Materials and Methods section for 
notation): intact PS It membranes (denoted as [Ca]-PS 
I1), [La]-PS II, [Dy]'-PS 11, [Dy]-PS II, [Dy/EDTA]-PS 
ll, Tris[D~]-PS I! and Tris[Dy/EDTA]-PS II. As shown 
in Fig. l, the [Dy]-PS lI preparation, in which all of the 
Ca: " is replaced by Dy 3÷, retains all three water-solu- 
ble proteins (17, 23 and 33 kDa). The various prepara- 
tions wcrc characterized by spectroscopic and polaro- 
graphic techniques; the results are summarized in Table 
1. 

As shown in Table 1, the [Ln]-PS II (Ln: La 3+ or 
Dy 3.)  and [Dy/EDTA]-PS I1 preparations retain all 
four atoms of the Mn complex but they are unable to 
oxidize water. When these preparations were incu- 
bated with l0 mM CaCI2, we observed no reactivation 
of the [Ln]-PS II but the [Ln/EDTA]-PS II system 
recovered 43% of its oxygen-evolving capacity. The 
reactivation of the [Ln/EDTA]-PS II preparation was 
a slow process and it required an incubation for at 
least 10 min, at 25°C. The fact that er:ternal calcium 
failed to reactivate the [Ln]-PS II preparations is in 
agreement with the results of Ghanotakis et al. [14], 
which demonstrated that lanthanides bind to the PS II 
membrane much more strongly than calcium. In addi- 
tion, the slow reactivation of the [Ln/EDTA]-PS It 
preparation (calcium-depleted/17 k D a + 2 3  kDa-re- 



taining system) by external calcium was also observed 
in a previous ,study [20]; it was shown in that particular 
study that  in the presence  of the extrinsic 17 and 23 
kDa species reactivation by external calcium required a 
relatively long time [20]. 

The various prepara t ions  were  studied by low-tem- 
pera ture  EPR spectroscopy in order  to character ize  
their  e lectron t ranspor t  proper t ies .  As shown in Fig. 2, 
the Ln- t rea ted  systems ([La]-PS !1 and [Dy]-PS ll)  were 
unable to genera te  the S2-state, as demons t ra ted  by the 
absence of  e i ther  the g = 4.1 or  the multiline signal. 
Since cytochrome b-559 was low potent ial  in the [La]-PS 
11 and the [Dy]-PS II, and, thus, oxidized in the dark 
(see Fig. 2), i l lumination of  these systems at 200 K 
resul ted in the photooxidat ion of  a Chl (Fig. 3). The 
chlorophyll  radical was also genera ted  during low-tem- 
pera ture  il lumination of  the [ D y / E D T A ] - P S  II system 
(data not shown). Since the calcium reactivated 
[ D y / E D T A ] - P S  II system showed a significant fraction 
of  oxygen evolution activity (Table I), we studied this 
system by low- tempera ture  E P R  spectroscopy. As 
shown in Fig. 2, af ter  rebinding of calcium the reacti- 
vated system is able to p roceed  to the S: state,  as 
demons t r a t ed  by the format ion of the multiline signal 
(54% of  the control).  These  results clearly demons t ra te  
that  deplet ion of  the PS 11 membrane  of  all its calcium 
results in a system unable to p roceed  to higher S-states. 
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La 3' is a diamagnetic  ion which is not detectable by 
EPR spectroscopy, but Dy ~ is a paramagnet ic  one 
which gives a characterist ic EPR signal (Fig. 4). Using 
this signal, we est imated the number  of the dysprosium 
atoms in the [Dy]-PS II samples (see Materials and 
Methods) .  As summarized in "Fable I. all calcium atoms 
were quantitatively replaced by the lanthanide.  

It is interest ing to note that the lan thanide- t rea tcd  
PS 11 membranes  [Ln]-PS 11 (presence of  the 17 and 23 
kDa polypeptides)  and [Ln]'-PS il (absence of  the 17 
and 23 kDa species) contain the same number  of  Dy 3 

a t o m s / P S  I1 reaction center  (Table 11, ~';ur~gesting that 
the 17 and 23 kDa polypeptides do not bind Ca:* .  

Al though the prepara t ions  [La]-PS II and [DyI-PS 1I 
have basically the same propert ies,  there is a major 
differencc in the EPR signal of the dark-stable Tyr 
radical (due to Tyr 0) [21]. As shown in Fig. 3, in the 
presence  of the ion La 3 * the E P R  signal of q'yr(~ is 
the same as the one obserxed in con t ro l 'PS  11 mem- 
branes.  In contrast ,  when calcium has been replaced by 
the paramagnet ic  ion Dy 3+, the EPR signal of the 
tyrosine radical is different;  more specifically the hy- 
perf ine structure of  the signal is lost, when observed 
under  the same conditions.  This observation shows that 
there  is a s trong interaction between the paramagnet ie  
Dy 3+ and Tyr D [22]. As expectcd,  the power saturat ion 
of  Tyr D signal, is affected by the interacting cation. In 

TABLE 1 

Characterization o f  the PS H preparations (see Materials and MethodO 

Preparation Description " Ca/ Mn/ Ln/ |]}, S,-state I'~ : ' t,uW) 
(extrinsic PSI! PSII PSII multiline 

polypeptides) - CaCI ~ '! ~- ('a('l, c - ('aCI, -,- ('aCI, (for T)ri" > } 

Untreated PS !1 
([Ca]-PS II) + 17/+23/+33 15 4 100ri l~aW; l()1V; ~ n.d. 

[La]-PS It + 17/+ 23/+ 33 0 4 n.d. t 0 (I 0 (1 7 
[Dy]-PS !! +17/+23/+33 (1 4 14-15 II I) 0 0 
[Dy]'-PS 11 - 17 / -23/+33 o 4 13-14 0 o o o 
[Dy/EDTA]-PS !1 + 17/+23/+33, 

EDTA-washed 1 ~ 4 0 [1 43~; I1 54% ~ 
Tris[Dy]-PS 11 - 17/-  2 3 / -  33 ~, 0 1-3 II 0 t) 0 
Tris[Dy/EDTA]- 

-PS It - 17 / -  2 3 / -  33 o o o 11 o o q) 

a Extrinsic polypeptide content of each PS it preparation: ± 17/+ 23/+_ 33 refers to the presence ( + ) or absence ( - ) of the 17, 23. and 33 kDa 
polypeptides, respectively. 

b The amount of S,-state multiline EPR signal produced in untreated PS tl after 5 rain, 21111 K continuous illumination period was a~sumed to be 
100c~L 

¢ Comparison of power saturation data (Pt /2  values) for EPR signal lls. See ref. 22 for the analysis procedure of the power saturation data. 
d The control Oz-evolution activity was 720 ~mol 0 2/rag Chl per h. in the absence of additional CaCl:. 
c Prior to the O2-evolution measurement, the PS I! membranes (7 mg Chl/ml) were incubated with l0 mM CaCI, for l0 rain (in the dark at 

25°C). The assay medium consisted of 0.4 M sucrose. 15 mM NaCl. 50 mM Mes (pH 6.0) and 2511 #M DCBf) (as an exogenous electron 
acceptor). 

f n.d. = not determined. 
g After the removal of Dy 3 * by EDTA treatment (see Materials and Methods), the PS ii membrane~ v, ere incubated with 10 mM CaCl, for 911 

rain at 4°C in the dark. Subsequently, a 5 min, 200 K continuous illumination period was used to produce the S,-state muhiline EPR signal. 
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Fig. 3. ('(~mparison ol  the g = 2 radical EPR signals in dark-adapted 
and ilhlminaled [L;]-I'S II anti [Dy]-PS lh  (a) dark-adapted [Lai-PS 
I1, Ib) dark-adapted II)y]-PS II. (el illuminated (200 K. 3 mini minus 
dark difference spectrum of [LaI-PS I1, and (d) illuminated (200 K, 3 
mini minus dark difference spectrum of [Dy]-PS II. Spectra are 
scaled to a chlorophyll concentrat io,  of 5 mg Chl /ml .  Tabulated 
below arc lhe arc;is (if the g = 2 EPR signals befilre and ::fter 
illuminalion, ;is dclermincd by signal integration of spectra (a)-(di  
and normalitcd fi~r the chlorophyll concentration. 

Sample Area (a.u.) Peak-to-peak 
linewidth ( ( ; )  

[La]-PS I I  dark-adapted i.00 
[DyI-PS 11 dark-adapted {I.74 
[La]-i)S 11 ilhlm.-dark 1).84 10.6 
[Dy]-PS II illum.-dark 0.65 I(i.6 

EPR spectrometer conditions: microwave frequency, 9.05 GHz: mi- 
crowave powcr.(i.72 uW: field modulation frequency, 100 kHz; field 

modulation amplitude. 4.0 G; temperature, 15.0 K. 

Fig. 1. Gel clectrophorc~,is patterns of PS II memblanes. Lane I. 
[DyJ-PS I1: llme 2. [D~]'-PS I1: lane 3, [Dy/I~DTAI-PS I1: lane 4, 
Tr iq I )~ / l i l )TA ] - l )S  I1: lline 5. COlllllll PS II (~ee Malerial~ illld 

Melhod~,). 

the pt'csencc of the paramagnetic Dy 3.,  the EPR 
,,ignal of the tyrosinc radical saturates at higher mi- 
crowave power, when compared to the control and the 

I 
(a 
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Fig. 2. The effect of Dy 3" substitution and Ca 2 " reconstitution on the S,-state multiline EPR signal in PS 11 membranes. Shown in (a) are the 
dark-adapted spectrum (topl and illuminated (200 K, 5 mini minus dark difference spectrum (bottom) of [Dy]-PS 11 membranes. Shown in (b) are 
the illuminated (200 K. 5 mini minus dark difference spectra of [Dy/EDTA]-PS i i  membranes reconstituted with 10 mM CaCI 2 (top spectrum; 
see Materials and Methods) and of a control PS Ii sample (bottom spectrum). EPR spectrometer conditions: microwave frequency, 9.05 Ol lz ;  
microwave poweL 7.2 ~W and 18.1 IxW for (a) and (b), respectively;; field modulation frequency. 100 kHz; field modulation amplitude, 20 G; 

temperature, 7.0 K. Spectra in (b) are scaled to a chlorophyll concentration of 5 mg Chl /ml .  
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Fig. 4. Comparison of the g = 17 l)y ~' I?,PR signal in dark-adapted. 
Dy~%subsfitulcd {('a: ~-depleted) PS II membranes: (a) [Dy]-PS Ii 
with 14-15 l)y ~" atoms/PS 11 reaction center. (b)Tris[Dy]-PS I! 
with I-3 Dy 3" atoms/PS II reaction cenler. (c)TrislDy/EDTA]-PS 
11 after removal ol l)y ~' by EDTA. and (d) Dy ~" standard ((I.211 
mM Dye'; see Materials and Methods for determination of the 
Dy ~' concentration in [Dx]-PS II preparations). EPR spectrometer 
conditions: microwave frequency, q.05 (;ttz: microwave pm~er. 11.4 
/zW: field modulation frequency, IIRI kitz: field modulation ampli- 
tude, 211 G: temperature, 7.11 K. Spectra (a)-1.cl are scaled lo a 

chlorophyll concentration of 5 mg Chl/ml. 

[La]-PS !I p r e p a r a t i o n  (see Table  It. Apparen t ly ,  D y  ~* 
acts as a relaxing species and.  ti:us, affects the power  
sa tu ra t ion  of the  ne ighbor ing  radical.  A similar effect 
was observed  on  the  power  sa tura t ion  of Tyr~ in intact  
PS I1 m e m b r a n e s ,  because  of  the magne t i c  coupl ing 
be tween  Tyr~ and  the  m a n g a n e s e  complex [23]. 

A l though  it has been  proposed  tha t  only :wo cap  
cium a toms  pe r  react ion cen t e r  are requi red  for oxy- 
gen-  evolut ion  activity [24], sp inach  PS 11 m e m b r a n e s  
which have not  b e e n  t r ea ted  with che la tors  such as 
E G T A  or E D T A  conta in  a high n u m b e r  of  calcium 
a toms  ( 1 0 - 1 5 / P S  11 react ion center) .  Thus,  it is not 
surpr is ing  tha t  the  [Dy]-PS 11 p repa ra t i on  conta ins  
14-16 Dy a t o m s / P S  I1 reac t ion  center .  The  n u m b e r  of 
Dy a t o m s / P S  11 was drast ically decreased  when  the 
[Dy]-PS 11 system was t r ea t ed  with a high concen t ra -  
t ion of  Tris  buffer .  Tris t r e a t m e n t  not  only des t royed 
the  Mn complex and  re leased the  th ree  extrinsic poiy- 
pep(ides ,  but  also removed  most  of the  Dy 3* atoms.  A 
Dy 3÷ quan t i t a t ion  revealed the p resence  of 1-3  
a t o m s / P S  I1 in the  Tris[Dy]-PS II p repa ra t ion .  At  this 
point ,  it is not  c lear  w h e t h e r  the  decrease  in the 
n u m b e r  of  D y 3 + / P S  1I is due  to the  release of  the  
extrinsic polypept ides  or  the  des t ruc t ion  of  the man-  
ganese  complex.  As  shown in Fig. 5, the  in terac t ion  
be tween  the  pa ramagne t i c  Dy 3÷ and  the  Tyr~  radical  
is also observed  in the  Tris[Dy]-PS II system. A l though  
we can  not  say with cer ta in ty  which calcium site is 
responsib le  for the  effect on Tyr t  ~, ou r  results  clearly 
show tha t  the  site exists in Tr is -washed PS i l  and  has  a 
high affinity for the  l an than ides .  Since it has been  
d e m o n s t r a t e d  tha t  removal  of  the  m a n g a n e s e  complex 
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destroys the low-affinity calcium site [2~1, and as staled 
aboxe wc still obscp,c  Ihc l)y ~' effect in Tris-~,~anhed 
[I)y]-PS II marntmmcs ,  the effect (~I I)y ~" o;1 "lyrl  ~ is 
most likely due to Dy 3" binding at the high affinity 
calcium site. "Fhc effect on Tyrl' ) bv Dy ~ indicates 
that  there  in a magnet ic  in teract ion between the IV, x) 
species. ~,hich could occttr over a dis tance of up to all 
A, at this point  wc arc working to obtain  at good 
es t imate  of this distance.  

Using various l an than idc  ions as a probe  for the  
calcium b inding  site(s) of Photosystcm I1, wc have bccn  
able to ob ta in  n c ~  infi~rmation regarding the involve- 
men t  of Ca 2" in the photosynthc t ic  process. T h e  main 
conclusions of the exper imenta l  work p resen ted  above 
are lhe following: tr ivalent l an than ide  ions b ind very 
tightly to Pho,osystem I! at Ca- '~-binding sites wi thout  
displacing funct ional  Mn: subst i tut ion of  calcium by 
l an than ides  results  in a PS I! system which doe.,; not 
evolve oxygen and  O,-cvolu t ion  activity can be recon- 
s t i tu ted by removing the Ln ~' and  adding  back Ca-"*. 
The  size of  the ion seems to bc impor tan t  for its 
b inding on Photosystcm !1 [20], but  its charge is proba-  
bly very impor tan t  for the p roper  funct ion of the  OFC.  
Al though  it has been  shown that  a n o t h e r  divalent ion, 

i a2ao  a2eo  333o  

oO~ F . , e  l a ,~ , , )  

- , , , , k , , , , ] , , , , i , , , , 

-7.0 -6.0 -5.0 -4.0 -3.0 
log(power, W) 

Fig. 5. Comparison of the continuous micro',~,'ave power saturation 
curves of EPR signal II, in Tris[Dy]-PS II. containing 1-3 Dy ~* 
atom~,/PS 11 reacfion center (()pen squares), and Tris[Dy/EDTA]-PS 
11 containing (1 Dy ~ ~/PS 11 reaction center tclosed squares). The 
data points are fit as described in Ref. 22. EPR spectrometer 
conditions: mierowave frequent3 r. 9.1)5 Gttz: field modulation fre- 
quency, IIXI kHz; field modulation amplitude, 4.0 G: temperature, 15 
K. The data are normalized to the peak height of EPR signal 11, at 
the data point at lowest power. Inset: Comparison of Signal 11, EPR 
signals observed in dark-adapted, spinach PS !1 membranes, show- 
ing the effect of Dy3%binding in CaZ*-depleted PS If: tat [Dy]-PS 
I1 with 14-16 Dy 3" atoms/PS !1 reaction center. (b) T'ris[Dy]-PS 
Ii with 1-3 Dy ~ atoms/PS !1 reacdon center, and (c) 
Tris[Dy/EDTA]-PS I1 after removal of Dy 3~ by EDTA with (1 
Dy 3. atoms/PS !! reaction center. The intensity of Signal il, was 
measured as peak-to-baseline height as indicated by the arrows. EPR 
spectrometer conditions: microwave frequency. 9.1.15 Gllz: microwave 
power, (I.72 p,W: field modulation frequency. I(R) kHz: field modula- 
tion amplitude. 4.{I G: temperature. 15.11 K. Spectra are scaled to a 

chlorophyll concentration of 5 mg Chl/ml. 
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S t : ,  is a b l e  t~+ ,,t, ppt~rt  ~,olhc ;tt.'tt',lt\ ]2tt[ .  tti',~tlellt 

l a n t b a n i d c  itm,,. ~ h i u h  e l lcct i \~ ' l s  h ind  it+ ph tcc  ~q 

C~IICiLIIll, hlhibi l  tilt.' HtJt~lllk't.'lllcll( ~tl lhc  Cll/~.f'I1C ll~ lilt..' 

h i g h e r  S stale.',. At  |hb ,  po i l lh  il i', m~l clc~n ~ h ¢ l h ¢ ]  
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