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3SCI-NMR studies are presented here for spinach Photosystem II membranes inhibited by hydroxylamine 
(to remove Mn), Tris (to remove Mn and 18, 24 and 33 kDa polypeptides), and salt-washing (to remove 18 
and 24 kDa; and 33 kDa polypeptides). Removal of Mn affects the 3SCI-NMR binding curve only slightly, 
indicating that not all of the bound Mn is directly required for CI-binding. Removal of both Mn and extrinsic 
polypeptides eliminates almost all of the C!--specific binding observable by NMR. Removal of the extrinsic 
18 and 24 kDa polypeptides drastically changes the 3SCI-NMR binding pattern; this effect is partially 
restored by the addition of 2 mM CaSO4, and, to a lesser extent, by the partial rebinding of the 
polypeptides. Existence of CI- binding to the intrinsic polypeptides (e.g., D t / D 2 ) ,  with a peak at 0.5 mM 
CI-, is shown in samples lacking 18, 24 and 33 kDa polypeptides. Thus, both intrinsic (i.e., on the D t / D  2 
membrane protein) and extrinsic (i.e., on the 33 kDa protein) binding sites for CI- are suggested to exist. 

Introduction 

A primary objective of research into the mecha- 
nism of C1- activation of 02 evolution is to locate 
the CI-  binding sites. The pioneering work of 
Izawa et al. [1] and Kelley and Izawa [2] (see also 
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Ref. 3) with C1--depleted thylakoids narrowed the 
search for the funcitonal site to the electron donor 
side of Photosystem II (PS II). More recently, with 
the development of procedures to isolate PS II-en- 
riched membrane sheets, it has become possible to 
dissect the structure of the oxygen-evolving com- 
plex by selectively removing extrinsic polypeptides 
that are electrostatically bound to the inner 
thylakoid membrane in the vicinity of the OEC 
(for reviews, see Refs. [4-6]). This selective ap- 
proach has provided a considerable amount of 
information on the effect of polypeptide removal 
on the kinetics of CI-  activation. 

Other studies have shown that complete re- 
moval of the three extrinsic polypeptides (masses 
of 18, 24 and 33 kDa) from PS II membranes 
lowers the maximum attainable activity to about 
10-20% of the control rate and raises the CI- 
requirement several-fold, to about 100-200 mM 
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[7-10] from the 10 mM required for the native 
complex [9]. Supplementation of the assay medium 
with 5 10 mM CaCI 2 raises the activity to about 
40% of the control rate [7,9,10]. When only the 33 
kDa extrinsic polypeptide is present, the system 
requires 20-30 mM NaC1 to reach 26-40% of the 
original activity [9,11,12], but this level can be 
increased to 80% by substituting 10 mM CaC12 
[12]. When the 18 and 24 kDa polypeptides are 
removed by salt washing, dialyzed against EGTA 
to remove Ca 2+, and added back to the depleted 
membranes, the observed Ca 2+ requirement for 
maximum activity is about 500-700 tiM [13]. The 
above experiments demonstrate that although pro- 
gressive depletion of extrinsic polypeptides con- 
sistently lowers the apparent C1- and Ca 2+ affin- 
ity of the OEC, complete removal of polypeptides 
does not eliminate the stimulatory effect of these 
ions. Harsher treatment, such as incubation in 0.8 
M Tris, not only removes the extrinsic poly- 
peptides, but also disrupts the catalytic Mn site, 
thereby eliminating 02 evolution [14,15]. 

These results suggest that C1 and Ca 2+ func- 
tion over an extended region of the OEC, includ- 
ing sites that are close to the Mn active site. 
Following the trail of CI and Ca 2 + by monitoring 
only 02 evolution does not, however, provide 
enough specific information about the interaction 
of these ions with each of the polypeptides. The 
35C1-NMR results described in the accompanying 
paper [16] indicate that CI-  probably binds to 
several types of site comprised of highly struc- 
tured protein domains. The experiments in this 
paper were designed to locate these domains with 
respect to the OEC polypeptides and the Mn-ac- 
tive site. To do this, we examined the C1 binding 
properties of PS II membranes exposed to salt 
washing (to remove some or all of the extrinsic 
polypeptides), Tris washing (to remove the extrin- 
sic polypeptides and the catalytic Mn), and hy- 
droxylamine treatment (to remove Mn). Murata et 
al. [15] have summarized the effects of these treat- 
ments on 02 evolution and po lypept ide /Mn de- 
pletion. By directly monitoring the effects of these 
treatments on CI binding, we have been able to 
construct a more detailed map of the C1- binding 
sites within the OEC. Our preliminary observa- 
tions on salt-washing have been presented, in an 
abstract form, in the proceedings of a conference 
[17]. 

Materials and Methods 

PS II membranes were prepared by the method 
of Berthold et al. [18], as described in Ref. 16. 
Following the first centrifugation after Triton 
treatment, the pellet was rinsed with CI free 
buffer containing 400 mM sucrose and 20 mM 
Mes (pH 6.0). The upper pellet was resuspended 
in a small volume of CI-  free buffer and then 
diluted into a larger volume of the same buffer 
containing a final concentration of 1.0 M NaCI, 
1.0 M CaCI2, or 1.5 mM NH2OH (sulfate salt). 
For Tris treatment, the buffer employed was 0.8 
M Tris-phosphate at pH 8.0. The final chlorophyll 
concentration was approx. 200/~g. ml-~. The sus- 
pension was placed on ice and stirred in darkness 
for 25 min. For reconstitution experiments, the 
suspension that had been incubated in 1.0 M 
NaC1 was diluted with CI free buffer to a final 
NaC1 concentration of 50 mM [19]. This suspen- 
sion was then allowed to stir on ice for an ad- 
ditional 25 min. 

After treatment, the samples were transferred 
to centrifuge tubes and centrifuged at 60000 × g 
for 40 min. The pellet was resuspended in a large 
volume of C1- free buffer and centrifuged for 20 
min at 40000 × g .  This washing cycle was re- 
peated two more times to remove loosely associ- 
ated CI . The preparation was then given a final 
pH jump treatment to remove tightly bound C1 
(see Materials and Methods [16]). 

Thylakoids, thoroughly depleted of CI - as de- 
scribed in Ref. 16, were given a 25 min treatment 
in 0.8 M Tris-phosphate (pH 8.0) and then washed 
twice in C1 free buffer (50 mM Hepes, pH 7.2). 
They were then resuspended in the same buffer. 

Details for Hill reaction activity measurements 
and 35C1-NMR assays are given in Ref. 16 and in 
the figure legends. N M R  spectra were obtained at 
24 508 kHz with a 250 MHz spectrometer. 

Results and Discussion 

Fig. 1 shows the effect of treatment with 1.5 
mM N H 2 O H  on the CI -  binding properties of PS 
II membranes. It is clear from comparison with 
untreated PS II membranes (Ref. 16; also see 
below - Fig. 3A) that NH2OH pre-treatment does 
not alter the overall shape of the 35C1-NMR bind- 
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Fig. 1. 35C1-NMR binding curve for PS 11 membranes treated 
with 1.5 mM NH2OH. The preparations showed no detectable 
O2-evolution after NH2OH treatment. Error bars show the 
sample standard error for 2-3 measurements on four different 

preparations. See Ref. 16 for NMR details. 

ing curve. Murata et al. [15] have shown that while 
treatment with 1.5 mM NH2OH removes more 
than half of the PS II Mn, it depletes the mem- 
branes of only 15% of the 18 and 24 kDa poly- 
peptides and does not affect the 33 kDa poly- 
peptide. The only observable effect on C1- bind- 
ing of this selective depletion of Mn is a small 
decrease in the [C1-] for each of the 35CI-NMR 
linewidth maxima: from 0.3 to 0.25 mM (17%), 
from 0.75 to 0.6 mM (20%), from 2.0 to 1.5 mM 
(25%), and from 7.0 to approx. 5.0 mM (29%). The 
latter peak falls within the noise level. 

The reason for the shift in the C1- concentra- 
tion dependence of the binding curve is not known. 
It is possible that Mn depletion relieves con- 
straints on the motion of the polypeptide chains, 
and consequently makes them more accessible to 
the C1 , or that partial depletion of the 18 and 24 
kDa polypeptides alters the binding of C1-. In any 
case, the observation that removal of Mn does not 
substantially affect the C1- binding properties of 
the OEC (as observed by 35C1-NMR) indicates 
that the Mn itself is probably not a binding site 
for C1 in dark-adapted PS II membranes. 

Ca 2+ reactivation of oxygen evolution activity 
in PS II membranes, in which the 18 and 24 kDa 
polyppetides have been removed, by washing with 
1.0 M NaCI [19], is shown in Fig. 2. The apparent 
activator dissociation constant for Ca 2+ is raised 
to about 6.9 mM in the presence of 50 mM CI-. 
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Fig. 2. Double-reciprocal plot for Ca 2+ activation of PS Ii 
membranes washed with 1.0 M NaC1. Oxygen evolution was 

measured at pH 6.0 in the presence of 50 mM CI-. 

The double reciporcal plot gives the maximum 
attainable activity under these conditions to be 
221 ~mol 02 per mg Chl per h, or about 60% of 
the control rate. The level of reactivation is con- 
sistent with reports from other laboratories (see 
Ref. 12), and indicates an apparent OEC require- 
ment for Ca 2÷ that is beyond typical physiological 
concentrations. 

The effect of the NaC1 washing on the 35C1- 

N MR binding curve for PS II membranes is strik- 
ing. Comparison of the binding curve for un- 
treated membranes (Fig. 3A) with that for the 
washed membranes (Fig. 3B) shows that this treat- 
ment causes two major changes: (1) it substan- 
tially reduces the line-broadening at very low [C1-] 
(approx. 0.1 mM) and at high [C1-] (1.0-10 mM), 
indicating that the enzyme affinity for C1- is also 
reduced; and (2) it apparently shifts the first high 
point and the two linewidth maxima to higher 
[C1-], apprently replacing the linewidth maxima 
at 0.3 mM and 0.75 mM C1 with linewidth 
minima, while simultaneously broadening the line- 
widths at 0.2 mM and 0.4-0.5 mM C1-. The 
above shift may be consistent with an approx. 
2-fold shift in [CI ] dependence on 02 evolution, 
when 33 kDa polypeptide is retained, as noted 
earlier [9,11,12]. However, in view of the fact that 
N MR data are on dark-adapted membranes, and 
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0 2 evolution data are in light, such correspon- 
dence (or absence of it) requires further study. 
The correspondence between the linewidth max- 
ima in Fig. 3A and the linewidth minima in Fig. 
3B begins to disappear at [C1 ] > 1.0 mM. 

The persistence of sharp, concentration-depen- 
dent changes in z~,, in NaCl-washed membranes 
suggests that C1--dependent  conformat ional  
changes can still occur in these samples. However, 
the changes from increased affinity (linewidth 
maxima) to decreased affinity (linewidth minima) 
at 0.3 mM and 0.75 mM C1 , along with the 
overall loss of 02-evolution (to approx. 7% of the 
control activity in 50 mM C1-), suggest that re- 
moval of the 18 and 24 kDa polypeptides gen- 
erates enzyme conformations less favorable to CI 
binding. 

Since it is known that the addition of high 
concentrations of Ca -,+ may partially replace the 
function of the 18 and 24 kDa polypeptides in 
stimulating Oz-evolution in these preparations, we 
added a fixed concentration of Ca 2+ (in the form 
of 2.0 mM CaSO4) to the 35C1-NMR assay buffer 
and measured the 35CI-NMR binding curve again. 
Fig. 3C shows that the addition of 2.0 mm Ca 2+ 
largely restores three of the four 35CI-NMR line- 
width maxima that were observed in the control 
(Fig. 3A). This restoration in the N M R  curve is 
consistent with our expectation that Ca2+-restored 
memrbane should have lower [C1 ] requirement 
for 0 2 evolution than the salt-washed membrane. 
We, however, emphasize that comparison of N M R  
data in dark with the O z evolution data in light 
may not be meaningful; detailed data on [C1 ] 
dependence of O z evolution _+ Ca 2+ are not availa- 
ble; and the only available data [20] on this point 
appear inconsistent with our expectation. Restora- 
tion of the linewidth maximum at 7.0 mM was not 
observed, however, and the linewidth maximum at 
0.3 mM CI appears to be shifted to a slightly 
higher concentration (0.35 mM C1 ). Although 
sulfate, added here as calcium sulfate, may be a 
competitive inhibitor of CI binding (see, e.g., 
Itoh and Uwana [21]), fairly high concentrations 
are required to compete effectively with C1-. We 
believe that the sulfate concentration, used here, 
does not noticeably alter CI binding to PS It 
(also see Sandusky and Yocum [22]), and, the 
ineffectiveness of Ca 2 + in completely replacing the 
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Fig. 3. Effect of polypeptide depletion and reconstitution on 
the 35CI-NMR binding curve for PS II membranes. Error bars 
show the sample standard error for 2-5 measurements on 3-6 
different preparations. (A) Untreated membranes (mean activ- 
i ty=383  p.mol 02 per mg Chl per h in 50 mM CI ). (B) 
Membranes washed in 1.0 M NaCI (mean activity = 28 ttmol 
0 2 per mg Chl per h in 50 mM CI ). (C) Membranes washed 
in 1.0 M NaC1 and assayed in the presence or 2.0 mM CaSO 4 
(mean activity =102 /~mol 02 per mg Chl per h in 50 mM 

NaC1 + 2.0 mM CaSO4). 

18 and 24 kDa polypeptides is a more likely 
explanation of the failure to observe a linewidth 
maximum of 7.0 mM C1-. 

Our 35Cl-NMR results with Ca z+ parallel the 
findings of a number of other studies on O 2 evolu- 
tion, in which Ca 2 + was found to partially replace 
the function of the 18 and 24 kDa polypeptides. 
The reappearance of the 35C1-NMR linewidth 
maxima after C a  2+ addition indicates to us that 
this cation reorganizes the complex into a quasina- 
rive structure that is then able to bind C1 and 
evolve oxygen. The CI-  binding curve in Fig. 3C 
for the Ca 2+ supplemented membranes is largely 
similar to that in Fig. 3A for the untreated PS II 
membranes.  This experiment also indicates that 
the 18 and 24 kDa polypeptides are not directly 
involved in C1- binding to the sequestered sites. 
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The effects of NaCl-washing on the 35CI-NMR 
binding curve was partially reversible (data not 
shown): dilution of the PS II suspension from 1.0 
M to 50 mM NaC1 during preparation appeared 
to enable the functional complex to reassemble, 
although the restoration was incomplete. The lin- 
ewidth maxima at 0.3 mM and 2.0 mM C1- ap- 
peared to be restored more completely (with Avt 
mesured at 90% and 86% of the control value, 
respectively) than were the maxima at 0.75 mM 
and 7.0 mM CI- (with Avt measured at 49% and 
47% of the control value, respectively). The line 
broadening at 0.1 mM CI- was, however, substn- 
tially reduced. The observation of partial recon- 
stitution of the 35C1-NMR linewidth maxima is 
consistent with the partial reconstitution of O z 
evolution in these preparations (approx. 30% of 
the control rate in 50 mM C1- with no added 
CaZ+). These 35C1-NMR results, although pre- 
liminary, support the findings of Miyao and 
Murata [23], who reported that dilution of NaC1- 
treated PS II membranes to 34 mM NaCI partially 
restored the control rate of 0 2 evolution and en- 
abled the 18 and 24 kDa polypeptides to rebind to 
the membrane. 

The ability of Ca 2 + (at high concentrations) to 
substitute for the missing 18 and 24 kDa poly- 
peptides (as reflected in the large restoration of 
both CI binding and enzyme activity) suggests 
that it may function by coordinating to negatively 
charged residues on the remaining proteins. It is 
possible that these negative charges are normally 
associated with positive charged residues on the 18 
a n d / o r  kDa polypeptide(s) in the native complex. 
Ca z÷ might then replace these two polypeptides, 
but with reduced effectiveness. It is also possible 
that these two polypeptides raise the Ca z+ affinity 
of the complex directly, by supplying ligands to a 
specific Ca e+ binding site, or indirectly, by in- 
creasing the affinity of other proteins for Ca z÷. As 
far as C1- binding is concerned, it is apparent 
from these data that the sequestered CI- binding 
sites revealed by the 35C1-NMR linewidth maxima 
are not part of the 18 and 24 kDa polypeptides, 
although these two polypeptides play an im- 
portant role in stabilizing their structure. 

To determine whether the 33 kDa extrinsic 
polypeptide contains the binding sites for C1 , we 
treated PS II membranes with 1.0 M CaCI z. Ono 

and Inoue [24] have shown that this treatment 
removes all of the extrinsic polypeptides. The 
35CI-NMR binding curve for this preparation (Fig. 
4) exhibits a single, broad linewidth maximum 
centered at about 0.5 mM C1-. Very similar re- 
sults (not shown) were obtained in two other sets 
of experiments. The exact position of this maxi- 
mum in the native membrane may be quite differ- 
ent, since [CI-] dependence for O: evolution is 
drastically altered upon the removal of the three 
extrinsic polypeptides [7-10]. No other maxima 
were observed in the C1- concentration range 
between 0.1 and 10 mM, and supplementation of 
the medium with 2.0 mM CaSO 4 had no ad- 
ditional effect in this concentration range (data 
not shown). We conclude from this result that a 
significant amount of high affinity C1- binding is 
still possible after depletion of the extrinsic poly- 
peptides. If this binding involves portions of the 
intrinsic D 1 / D 2  proteins (see Fig. 1 in Ref. 6 for 
a current picture of PS II structure), then it may 
be associated with the residual Oz-evolving activ- 
ity at the Mn-active site. In any case, it is clear 
from a comparison of this 35C1-NMR binding 
curve, shown in Fig. 4, with that of the intact 
system (Fig. 3A) or the preparation washed with 
NaC1 and supplemented with Ca 2+ (Fig. 3C), that 
the 33 kDa polypeptide must be present in order 
to observe the multiple linewidth maxima char- 
acteristic of the native complex. 

When PS II membranes are treated with 0.8 M 
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Fig. 4. 35CI-NMR binding curve for PS II membranes washed 

with 1.0 M CaCI 2. Activity was approx. 46 ~tmol 0 2 per mg 

Chl per h in the presence of 25 mM CaCI 2- 
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Fig. 5. 35CI-NMR binding curve for PS 11 membranes washed 
with 0.8 M Tris. The mean rate of 02 evolution after Tris 
treatment was 16 #tool 02 per mg Chl per h (approx. 96% 
inhibition). Error bars show the variation in Au t for two 
measurements on two different preparations. 

Tris, which inactivates 0 2 evolution and  releases 
the catalytic Mn  [13,14], most of the specific C1- 

b ind ing  is el iminated (Fig. 5). This result is a 

further indicat ion that the C1- b ind ing  observed 

in the CaCla-washed PS II membranes  is associ- 
ated with proteins involved in Mn binding.  It is 
noteworthy that the 35C1 linewidths are much 

smaller for the Tris-washed membranes  than for 

those washed in CaC12 (Flg. 4) indicat ing that the 
latter are more intact. 

Concluding remarks 

We can briefly summarize the significance of 
the results presented in this paper  by concluding:  

(1) under  dark-adapted condit ions,  most  of the 
C1- does not  b ind  directly to the Mn in the OEC; 

(2) the C l - - b i n d i n g  mechanism in the intact  com- 
plex involves the cooperat ion of both intr insic 
sites (possibly on D 1 / D 2 )  and extrinsic sites (on 

the 33 kDa polypeptide);  (3) C1- b ind ing  to the 

extrinsic sites is enhanced by the indirect cooper- 
at ion of the 18 a n d / o r  24 kDa polypeptides;  the 
funct ion of these two polypeptides can be par- 
tially replaced by a high concentra t ion  of Ca 2+ 
(2.0 mM);  and (4) al though an approximate  rela- 
t ionship between O z evolution and 35 CI linewidth, 
reflecting C1- binding,  is observed (see also Ref. 
16), a quant i ta t ive relationship may be very com- 
plex; for example, 0 2 evolution requires b ind ing  
but  b ind ing  may not  be a sufficient condi t ion for 
0 2 evolution. Furthermore,  we need to obta in  

both  N M R  and  0 2 evolution data under  identical 
condit ions.  

A hypothesis to explain the mechanism of CI 

activation of the OEC is presented in Ref. 25. 
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