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The reduction rate of P680 +, the oxidized form of the primary electron donor of Photosystem II, has been stUdied with 
flash absorption spectroscopy at 830 nm. Photosystem II membranes, partially depleted of the intrinsic manganese of 
the oxygen-evolving complex, were used. The reduction rate of P680 + was measured as a fmtction of the concentration 
of free Mn 2÷, which was stabilized by metal-ion buffer systems consisting of chelators and metal-chelator complexes. 
Increasing the Mn 2+ concentration induced an 18 to 35 ps decay component in the P680 + reduction kinetics and 
diminished the amplitude of the 4 to 8 #s  decay component. A dissociation constant of approx. 50 # M  was obtained for 
the observed Mn 2+ binding site. Other transition metal ions affected the reduction kinetics of P680 + at lower 
concentrations. Thus, photooxidation of Mn 2 + is not required for the detection of its binding at this site. To account for 
the kinetic effect, it is proposed that the bound metal ion interacts electrostaticaily with the tyrosine residue Yz, the 
intrinsic electron donor to P680 +. 

Introduction 

Electron transfer rates in proteins are sensitive to a 
number of parameters, one of which is the distribution 
of electrical charges near the reactants. Such charges 
alter the electron transfer rate by shifting the energy 
levels of reactants and of transition states. For example, 
in most reactions, one expects that a positive charge 
added near the electron donor will slow the reaction 
rate. 
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The presence of neighboring charges has been in- 
voked to explain the different reaction rates that can be 
observed between two components of Photosystem II 
(PS II): 

P680+ +Yz ~ P680+ Y+ 

where P680 + (a chlorophyll species) is the oxidized 
form of the primary electron donor of PS II and Yz (a 
tyrosine residue of the D1 polypeptide) is the electron 
donor to P680 +. (For recent reviews on PS II structure 
and function see Refs. 1 and 2.) In both intact and 
deactivated PS II, an increase in positive charge near Yz 
apparently causes a decrease in the electron transfer 
rate. In intact PS II, possessing an active oxygen-evolv- 
ing complex (OEC), the rate of this reaction depends on 
the S state of the OEC and becomes slower when 
positive charge is accumulated in the higher S states [3]. 
In PS II membranes in which the OEC has been de- 
stroyed chemically and its manganese atoms have been 
released, P680 + is reduced by Yz with a halftime that 
increases from 2 to 20/~s upon lowering the pH from 8 
to 5 [4]. This pH dependence has been attributed to the 
protonation of basic residues near Yz. 
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That manganese ions also bind to manganese-de- 
pleted PS II near Yz, is the conclusion of several 
analyses of the kinetics of electron flow through PS II. 
The photooxidation of H202 by PS II requires the 
presence of Mn 2+, which functions as an intermediate 
electron carrier [5-8]. Mn 2+ has been shown to reduce 
the tyrosine radical Y~ directly [9]. Mn 2+ also inhibits 
photooxidation of 1,5-diphenylcarbazide (DPC) by Y~ 
[10], although photooxidation of Mn 2+ probably occurs 
during the inhibition. Further, the kinetics of photo- 
activation indicate a binding site for Mn 2+ [11,12]. 
Estimated dissociation constants (actually inhibition 
constants or Michaelis constants) range from 0.04 #M 
to 50/~M. 

The facts given above led us to predict that Mn z+, 
when binding to manganese-depleted PS II membranes, 
would cause a decrease in the rate of reduction of 
P680 ÷ by Yz. In this paper, we report the results of 
experiments designed to test that prediction. Our results 
do indeed suggest binding of Mn 2+ to manganese-de- 
pleted PS II and that this binding does slow the rate of 
electron transfer from Yz to P680 +, and further, that 
this effect does not depend on the photooxidizability of 
Mn 2 +. We also suggest that a previously observed, minor 
phase in the P680 ÷ reduction kinetics, having a half- 
lifetime of 15 to 40 /~s (Refs. 4, and 13-16 and refer- 
ences therein), is due to the presence of bound metal 
ions at a fraction of the PS II reaction centers. In 
addition, we compare the binding site identified here 
with the site(s) identified in other studies. 

Materials and Methods 

Sample preparation. PS II membranes were isolated 
from spinach [17,18]. Tris-washing was performed by 
incubating the membranes on ice in 0.8 M Tris-HC1 
(pH 8), 50 mM Na2EDTA , for 20 min. The membranes 
were washed free of Tris and EDTA by centrifugation 
and resuspension three times in T M A H G  buffer (20 
mM tetramethylammonium hydroxide, 33% glycerol 
(v /v)  and sufficient solid Hepes to obtain a pH 7.4). 
The membrane suspension (3 mg chlorophyll/ml) was 
frozen and stored in liquid nitrogen. 

Manganese determinations of the membranes were 
performed using atomic absorption spectroscopy and 
the standard addition method, after incubation of the 
membranes with H2SO 4. The Tris-washed membranes 
were found to contain approx. 1.4 Mn per P680, assum- 
ing 220 chlorophyll molecules per P680, while control 
membranes contained 4 Mn per P680. 

Samples for kinetic analysis were prepared by adding 
to the measurement cuvette appropriate volumes of 
stock solutions to give 250 #M 2,5-dichlorobenzo- 
quinone (DCBQ) (in dimethyl sulfoxide, final con- 
centration 1%), 0.012% Triton X-100, chelator, MnC12 
and Tris-washed PS II membranes (100/~g chlorophyl l /  

ml) in T M A H G  buffer. For all experiments except 
those shown in Fig. 2, the absorption transients pro- 
duced by 40 flashes at 2 Hz repetition rate were aver- 
aged. Then 3 M KC1 was added to give a final con- 
centration of 50 mM, and further absorption transients 
were accumulated. 

DCBQ was found to be a suitable redox mediator in 
that it completely reoxidized QA, the so-called primary 
acceptor of PS II, and completely reduced Y~ between 
flashes at a repetition rate of 2 Hz. This was determined 
by comparing the kinetic traces at flash repetition rates 
from 0.2 to 5 Hz. We found the amplitude of the 
absorption transient to be nearly independent of flash 
repetition rate, which indicates that Q;, is reoxidized 
between flashes. We also found that the lifetime of the 
absorption transient did not increase at higher flash 
repetition rates, which would have indicated that Y ]  
accumulated between flashes and that P680 + was re- 
duced by recombination with Q~ (q /2  = approx. 150 
/~s). Ferricyanide and phenyl-p-benzoquinone were 
tested but did not meet these criteria. Thus, in contrast 
to experiments using only ferricyanide as an electron 
mediator, we find very little 150/~s kinetics in our data 
[4,19]. Ferricyanide is unsuitable also because of the low 
solubility of the mixed potassium manganese ferro- 
cyanide salts [20], particularly, KzMn3(Fe(CN)6)2. 

M n  2 + buffers. In order to know the concentration of 
free Mn 2+ even at very low levels, we chose to buffer 
the Mn 2+ concentration with Mn 2+ and an excess of 
chelator. We used 1 mM of chelators and added from 
100 #M to 900 /~M MnC12 to stabilize the free Mn 2+ 
concentrations at values between 10 pM and 500 /~M. 
(The PS II reaction center concentration was approx. 
0.5/zM.) The chelators used were EDTA, EGTA, nitri- 
lotriacetic acid (NTA) and citrate. Others tried were 
8-hydroxyquinoline sulfonate, oxalate and dipicolinic 
acid. The concentrations of free Mn 2 + were calculated 
from the total Mn 2+ concentration, total chelator con- 
centration, pH and the equilibrium constants for the 
formation of the metal-chelator complex and protona- 
tion of the chelator. The equilibrium constants depend 
on the ionic strength of the solution. The appropriate 
values for citrate and NTA at the appropriate ionic 
strengths were calculated by a non-linear interpolation 
using tabulated data [21-23] and the following equa- 
tion: 

log K(/~) = log K(0)  - A . fOx) .  (3Z2)eff 

where K(0) is the equilibrium constant at zero ionic 
strength, A is the Debye-Htickel constant (0.509 at 298 
K) and f ( # )  is the average of the ionic strength factors 
from the equations of Davies [24] and Scatchard [25] as 
given by Beck [26]. 3 Z  2 is the squared charge of the 
product ion minus the sum of the squared charges of 
the reactant ions. To ensure consistency with data in the 



literature, (~Z2)eff was calculated by applying the equa- 
tion above to the tabulated data for 0 and 0.1 M ionic 
strengths. Table I indicates the values of the equilibrium 
constants used in and obtained from these calculations. 
Effects on these equilibrium constants due to the pres- 
ence of 33% glycerol in our samples were neglected. The 
equilibrium constants for EDTA and E G T A  were not 
corrected for ionic strength. In this paper, p M n  will be 
used as an abbreviation for - logl0([Mn2+]/molar) .  

Instrumentation and data treatment. Flash-induced 
absorption transients were measured at 830 nm with an 
apparatus essentially as described in Ref. 27 but with 
individual components as follows. The excitation pulse 
was from a frequency-doubled, Q-switched N d : Y A G  
laser (Quantel Y G  571-10; wavelength, 532 nm; pulse 
duration, 10 ns). The pulse intensity, 1 m J / c m  2 after 
attenuation with neutral density filters, nearly saturated 
the PS II signal. A temperature-stabilized diode laser 
(Melles Griot 06 D L D  003 driver and 06 D L L  503 
head) provided a low-divergent (0.2 mrad) measuring 
light (25 mW at 830 nm) that passed through the 
cuvette (optical pathlengths: 10 and 4 m m  for the 
measuring and excitation beams, respectively) onto an 
Si photodiode ( U D T  PIN-10D). An RG780 filter pro- 
tected the photodiode from fluorescence and scattered 
light. The output from the photodiode was amplified 
with a home-built amplifier (gain, 50; bandwidth, 80 Hz 
to 30 MHz) and fed into an oscilloscope equipped with 
a multichannel plate cathode ray tube (Tektronix 
11302A with 11A32 amplifier; bandwidth, 20 MHz). 
The oscilloscope trace was captured by a digitizing 
camera system (Tektronix DCS01) connected to a per- 
sonal computer used for data treatment and storage. In 
all experiments, flash artifacts, obtained by blocking the 
measuring light, were subtracted from the transient 
absorbance signals. The measurements were performed 
at room temperature (20°C). 
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TABLE I 

Equifibriura constants of Mn 2 + chelators 

Logarithms of the equilibrium constants at 298 K are presented. (a) 
Values taken from Refs. 21-23, (b) calculated values, n.a., not availa- 
ble; a value for log K(0.15) of 3.54 [21] was used for the estimation of 
the citrate-Mn 2+ equilibrium constants. 

Chelator Ion Ionic strength (mol/1) 

0 a 0.024 b 0.074 b 0.1 a 

Citrate H ÷ 6.39 5.99 5.77 5.70 
Citrate Mn 2+ n.a. 4.18 3.81 3.70 
NTA H + 10.31 9.98 9.80 9.74 
NTA Mn 2 ÷ 8.59 7.89 7.52 7.40 

Analysis of the kinetic traces in terms of a sum of 
two or three exponential decays together with a rising 
component  to account for the limited time resolution of 
the setup were made with a nonlinear least-squares 
curve-fi t t ing p rog ram based on the Levenberg-  
Marquardt  algorithm [28]. 

R e s u l t s  

Tris-washed PS II  membranes subjected to excitation 
by short flashes of light at 532 nm develop a transient 
absorbance at 830 nm due mainly to P680 ÷ (Fig. 1). 
The rise of the signal is instrument limited and its decay 
is p H  dependent. The PS II  inhibitor 3-(3,4-dichloro- 
phenyl)- l , l -dimethylurea (DCMU)  eliminates more than 
90% of the signal in multiple flash experiments, includ- 
ing all of the fast phase, leaving only the slow phase due 
to Photosystem I (P700÷), whose true lifetime is ob- 
scured by the AC amplifier (approx. 2 ms time con- 
stant). 

Addition of Mn 2+ to Tris-washed PS II  membranes 
increases the lifetime of the P680 ÷ signal to approx. 30 
/~s, while addition of EDTA decreases its lifetime to 7 

A 

50 ps 
I 
I 

B 

,'XA=0.0005 I 

25 ~s 
I I 

Fig. 1. Absorption transients at 830 nm of Tris-washed PS II membranes with added MnC12. Each sample contained PS II membranes (100/~g 
chlorophyll/ml), 250/~M DCBQ and 0.012% Triton X-100 in TMAHG buffer. (A) MnCI 2 was added to concentrations of (a) 31 #M, (b) 316 ttM 
and (c) 1000/~M (pMn 4.5, 3.5 and 3, respectively). (B) The concentration of free Mn 2+ was stabilized with 1 mM NTA to (d) pMn 6.3, (e) pMn 

5.3 and (f) pMn 4.8. 
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#s. Membrane samples can be cycled repeatedly be- 
tween excesses of Mn 2+ or chelator and the kinetics of 
the P680 ÷ signal respond accordingly: thus, the effects 
of Mn 2 ÷ and EDTA are mutually reversible. EGTA and 
dipicolinic acid also promote fast kinetics, as does in- 
cubation of the membrane sample with chelating Sep- 
harose (TM) followed by centrifugation, indicating that 
the effect is due to chelation of a metal ion rather than 
to a reaction of the chelators with the membranes (cf., 
Ref. 29). These chelator effects on the Tris- and 
EDTA-washed PS II membranes suggest that the wash- 
ing procedure leaves some manganese ions (or other 
metal ions, see below) on the membranes, consistent 
with manganese determinations by atomic absorption 
which show 1.4 manganese atom per P680. Six micro- 
molar EDTA was required to convert the P680 ÷ signal 
entirely to fast kinetics, probably by chelating Mn 2+ or 
other metal ions (see below). 

Concentrations of Mn 2+ (or other divalent cations) 
above approx. 50 /~M cause a decrease in the initial 
flash-induced absorbance change (Fig. 1A). The ab- 
sorbance change remaining 200/~s after the flash is little 
affected. We attribute these observations to an increase 
in the stacking of the PS II membranes and the concom- 
itant increase in their light scattering, which diminishes 
the extent to which they are detected in a transient 
absorption measurement. Membranes containing P S I  
are not prone to stacking and so the signal due to 
P700 + is unchanged. This interpretation is consistent 
with a large body of observations of thylakoid mem- 
brane structure and dynamics, reviewed in Refs. 30 and 
31. 

The ionic strength of samples was increased by ad- 
dition of 50 mM KC1. This also caused a decrease in the 
amplitude of the P680 ÷ signal, probably due to stacking 
o f  the PS II membranes. The rate of P680 ÷ reduction 
increased at higher ionic strength, as previously ob- 
served [4]. In some experiments, NaC1 was added in- 
stead of KC1, producing similar results. 

Careful examination of the traces in Fig. 1A shows 
that the lifetime of the signal due to P680 ÷ increases 
with the Mn 2 ÷ concentration. This phenomenon is seen 
also in Fig. 1B, which shows signals from samples 
buffered with NTA (pMn from 6.3 to 4.8). In this 
concentration range, free Mn 2+ does not induce 
noticeable membrane stacking, but it does alter P680 + 
kinetics. Samples with EDTA (pMn 11) or EGTA (pMn 
8.5) as the Mn 2÷ buffer gave signals essentially the 
same as those with NTA at a pMn of 6.3. 

We interpret these results to indicate that Mn 2÷ 
binds reversibly to a site near Yz and, by electrostatic 
forces, slows the rate of electron transfer from Yz to 
P680 +. 

Control experiments to test whether Mn2+-chelator 
complexes bind to the PS II membranes were performed 
by varying the total amount of chelator and Mn 2÷ 

added to the sample while keeping constant the calcu- 
lated free Mn 2+ concentration. For both citrate and 
NTA, whose complexes with Mn 2+ are negatively 
charged, no significant differences in P680 + kinetics 
were observed while varying the chelator concentration 
by a factor of ten. In contrast, experiments with the 
bidentate chelators oxalate and 8-hydroxyquinoline-5- 
sulfonate, which form neutral 1 : 1 metal-chelator com- 
plexes, suggest that these complexes do bind near Yz 
and retard P680 + reduction. These observations are 
consistent with the negative surface charge at the PS II 
reaction center [4,32], which probably repels the anionic 
complexes. 

Control experiments were also performed to test 
whether Mn 3 ÷ formed and persisted at the manganese 
binding site long enough to affect our measurements. 
The presence of Mn 3 ÷ at this binding site is expected to 
slow the Yz-P680 ÷ reaction rate more than Mn 2÷ does. 
By varying the flash repetition rate, from 2 Hz to 0.2 
Hz, more time was allowed for reduction of Mn 3+, but 
we observed no change in the P680 ÷ signal (Fig. 2). The 
signal from P700 ÷ did increase in amplitude. This we 
attribute to more complete reduction of P700 + between 
flashes. The large relative amplitude of P700 + in these 
signals is due to scattering from stacked PS II mem- 
branes caused by the high Mn 2÷ concentration (pMn 
3.5) in this experiment. In other experiments, 250 #M 
hydroquinone or 400/~M H202 were added in order to 
increase the rate of reduction of Mn 3+, but in neither 
case did the  P680 ÷ lifetime change. With H202, a 
smaller P680 ÷ signal was observed, probably due to a 
decreased concentration of exogenous electron acceptor. 
We conclude that in our samples, the observed PS II 
photochemistry lasts less than the half-second between 
flashes and that the effects we observe are due to Mn 2+ 
and not to Mn 3 ÷. 

AA=O.O005 

' 50 ps 
I I 

Fig. 2. Absorption transients at 830 nm of Tris-washed PS II mem- 
branes at two flash repetition rates. The sample contained 316 # M  
MnC12 and other contents as in Fig. 1A. The averages of 30 transients 
are shown; ten transients were collected at 2 Hz, then ten at 0.2 Hz, 
then ten at 2 Hz,  etc. (a) 0.2 Hz,  Co) 2 Hz  and (c) the arithmetic 

difference between traces a and b. 



To obtain more detailed information about the P680 + 
kinetics, the absorption transients were analyzed with a 
computer program which calculates the sum of ex- 
ponential decay functions best fitting the experimental 
data. The kinetics are interpreted in terms of the follow- 
ing model. 

In any sample, the PS II reaction centers can be 
divided into two populations, those with Mn 2+ bound 
near Yz and those without Mn 2÷ bound, and each 
population has its characteristic electron-transfer rate 
constant. If the binding and release of Mn 2+ are slow 
compared with the electron transfer, then the two popu- 
lations of reaction centers will not be in equilibrium 
during the measurement, and two separate kinetic phases 
will be observed. However, if the binding and release of 
Mn 2 + are fast compared with the electron transfer, then 
the two populations will be in equilibrium and will give 
rise to a single decay component - such behavior would 
be analogous with the pH effect on P680 ÷ reduction 
kinetics [4]. In addition, a slow component is needed to 
describe the P S I  signal. Therefore, either two or three 
exponential decay functions were used in the data anal- 
ysis. 

For samples with low values of free Mn 2+ ( p M n  

> 5), the traces were well fit by a sum of two exponen- 
tials. The faster phase, whose lifetime depends on ionic 
strength and pH, as described by Conjeaud mad Mathis 
[4], accounts for 90% of the initial amplitude of the 
transient. Its 1 / e  lifetime was 7.4 and 3.6 /~s at ionic 
strengths of 24 and 74 mM, respectively. It represents 
the reduction of P680 ÷ by Yz in reaction centers where 
Mn 2+ is not bound. 

At higher concentrations of free Mn 2+, the traces 
required the sum of three exponentials for a good fit 
(Fig. 3). For these data sets, the lifetime of the fastest 
component was fixed at the value obtained from sam- 
ples with low Mn z+ concentrations and the lifetime of 
the slowest phase was fixed at the 2 ms amplifier limit. 
The amplitudes of all three components were allowed to 
vary freely. The lifetime of the intermediate phase de- 
termined by this fitting procedure was found to be 
approx. 28 and 18 /~s at 24 mM and 74 mM ionic 
strengths, respectively, with a slight tendency towards 
higher values at higher Mn 2+ concentrations. We be- 
lieve that this intermediate phase represents reaction 
centers where Mn 2+ is bound at the time of the flash. 
Because biphasic reduction of P680 + is observed, we 
conclude that the binding and release of Mn 2 + from the 
reaction center are not fast compared with the electron 
transfer from Yz to P680 +. 

To compare the populations of PS II with and without 
bound Mn 2÷, we used the initial amplitudes of the two 
kinetic phases of P680 ÷ (obtained from the fitting pro- 
cedure) and calculated the fraction in the fastest phase 
(Fig. 4). When this fraction equals 0.5, the two popula- 
tions are equal and the concentration of Mn 2+ equals 
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7 X,,,,,, , -  , , , -  V , v , , ~  v - v -  

t 
Fig. 3. Absorption transient and curve-fitting analysis of the data. The 
sample contained 31 ~M MnCI 2 as in Fig. 1A, trace a. (a) The result 
of a three decay component fit is plotted together with the experimen- 
tal data. (b) Residuals plot of a two-component fit: the difference 
between the experimental data and the fitted data is shown. Both 
amplitudes and both lifetimes were fitted. A worse fit was obtained if 
the longer lifetime was fixed at 2 ms. (c) Residuals plot of the three 
component fit shown in a: the lifetimes of the fastest and slowest 
components were fixed at 7.4 ~s and 2 ms, respectively. All three 
amplitudes and the intermediate lifetime were fitted. An additional 
rising component (time constant, 0.65/ts) was included in both fits to 
account for the limited time resolution of the apparatus. The residuals 

were magnified five times before plotting. 

the dissociation constant for Mn 2+ at this site. The 
dissociation constant is thus approx. 40/~M at 24 mM 
ionic strength. At 74 mM ionic strength, a value of 
approx. 55/~M was obtained. 

To characterize further this Mn 2+ binding site, we 
tested its ability to bind other metal ions. In experi- 
ments analogous to those described above, but without 
the use of metal ion buffers, we added divalent ions 
Ca 2+, Mg 2+, Co 2+, Ni 2+, Cu 2+ and Zn 2+. Neither 
Ca 2+ (up to 1.5 mM) nor Mg 2+ slow P680 + kinetics, 
nor do they diminish the effect induced by the presence 
of Mn 2 +, although they do induce stacking of the mem- 
brane fragments. In contrast, Co 2+, Ni 2+, Cu 2+ and 

1 . 0  

c -  

O .  

~L 

,- 0.5 

c 
o 

. M  

o 

- 0 

~5 

I I ,1 I ,I ~ I I ,to 

1 9 7 5 3 
pMn 

Fig. 4. Dependence on the free Mn 2 + concentration of the fraction of 
PS II showing 7.4 #s kinetics. The ionic strength was 24 mM. The 
manganese buffers used were EDTA (o), EGTA (0), NTA (D), 
citrate (e) and none (~). Other contents of the samples were as 

in Fig. 1. 
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Zn 2+ do slow P680 ÷ reduction very markedly (Fig. 5). 
The effects saturate at 10/~M or less, so the dissociation 
constants must be smaller than 10 /~M. Because these 
dissociation constants are lower than that observed for 
Mn 2+, binding can be observed without the complica- 
tion of membrane stacking and the concomitant in- 
creased light scattering: the initial amplitude of the 
P680 + signal is not altered by adding a concentration of 
metal ion sufficient to saturate the effect on the kinet- 
ics. Furthermore, since these ions are not oxidized by 
PS II, the redox state of the DCBQ pool is not altered 
by their addition so that the signal amplitude from 
P700 ÷ is not altered either. These results therefore 
greatly strengthen our interpretation of the results ob- 
tained with Mn 2+. In particular, they show that the 
effect we have observed is not a secondary effect either 
of the ability of Mn z ÷ to be oxidized by PS II or of its 
ability to induce membrane stacking of the membrane 
fragments, but is independent of both phenomena. 

The P680 ÷ kinetics in the presence of saturating 
Ni 2+, Cu 2+ or Zn 2+ are slowed to approx. 70/~s (1 / e  
lifetime). There is some preliminary evidence that at 
subsaturating concentrations, the P680 + decay has 1 / e  
phases of both 22 /~s and 70/~s. Thus, it may be that 
two ions may bind near Yz and influence the Yz-P680 + 
electron transfer rate. 

From the above results, the metal ion specificity of 
this binding site follows the usual pattern for polyde- 
ntate chelators containing multiple carboxylate groups 
where Kaiss for the several ions are ordered: Mg 2+, 
Ca2+> Mn2+> Co 2+, Ni 2+, Cu 2+, Zn 2+. 

Mn 2+ is a competitive inhibitor of DPC photooxida- 
tion by PS II [10]. The observed K M for DPC is 150 
#M. In order to compare the binding site observed here 
with that seen in the DPC-DCIP assay, we added DPC 
to a final concentration of 300/~M to a PS II membrane 
sample containing 100/~M Mn 2+ and 250 /~M DCIP. 

i\ 0 I 
I 

Fig. 5. Absorption transients at 830 run of Tris-washed PS II mem- 
branes in the presence of CuC12. 250 #M DCBQ, 0.012% Triton 
X-100 and 6 /~M EDTA were present. (a) 0, (b) 3.3 and (c) 

6.7 btM CuC12. 

This produced no change in the P680 + reduction kinet- 
ics. Therefore, DPC and Mn 2÷ do not seem to compete 
for binding at the site described here. The ability of 
DPC to form complexes with the transition metal ions 
Ni 2÷, Cu 2+ and Zn 2+ precluded their use in analogous 
competitive binding studies. 

Discuss ion  

In this paper the rate of the Yz to P680 + electron 
transfer reaction in Tris-washed PS II membranes was 
studied as a function of added transition metal ion 
concentration. Evidence was presented that these ions 
bind to a site on PS II from which they retard the 
electron transfer from Yz to P680 ÷, perhaps by electro- 
static interactions. Because manganese is a component 
of the OEC, most experiments involved addition of 
Mn 2÷, but  qualitatively similar results were obtained 
with four other transition metal ions. Thus, in contrast 
with previous reports of reactions of Mn 2÷ with PS II 
[5-12], the effects we observe here do not involve oxida- 
tion of the Mn 2+. Release of Mn 2÷ from this binding 
site is slow compared to the electron transfer rate so 
that distinct kinetic decay phases occur which corre- 
spond to PS II either with or without Mn 2 ÷ bound. 

Minor kinetic components of P680 ÷ decay in the 
range of 15 to 40 #s have been observed previously in 
thylakoid or PS II membranes that were Tris-washed or 
otherwise inhibited (Refs. 4,13,14,16 and references 
therein). Our results suggest that these kinetic compo- 
nents may be induced by the presence of bound metal 
ions. Because the dissociation constants for some of the 
transition metal ions is rather low, the binding site is 
sensitive to contaminants from buffers or metal ions 
released from the decomposition of other metal- 
loproteins in the sample. 

The appearance of a kinetic component with a 35 t~s 
half-lifetime was also noted in oxygen-evolving PS II 
membranes, and its amplitude was found to be S-state 
dependent [15]. We suggest that the apparent S-state 
dependence may be an artifact of the limited bandwidth 
of the amplifier used and of the fitting procedure, which 
assumed there to be no flash number dependence of the 
other microsecond decay components. As the total am- 
plitude of the microsecond components of P680 + decay 
was less than 15% of the total P680 ÷ signal, with the 
rest decaying in less than 1 #s, it is reasonable to 
attribute the 35 /~s component to centers inactive in 
oxygen evolution. 

The presence of these kinetic phases in experiments 
performed in many laboratories underscores the need, 
at times, for careful control of trace metal ion con- 
centrations and the general nature of this problem. Our 
results (see Fig. 4) show that chelators can sometimes be 
used to provide a wide, if not continuous, range of 
well-defined concentrations of free metal ions. Using 



several chelators, we were able to stabilize the free 
Mn 2+ concentration over a pMn range of 6.5, which 
facilitated detection of binding of Mn 2 ÷ to Tris-washed 
PS II. However, to prevent undesired interferences, 
some care must be  exercised in the choice of chelator. 
For example, we found that the metal-chelator com- 
plexes of oxalate and 8-hydroxyquinoline-5-sulfonate 
with Mn 2+ also retarded the P680 + reduction kinetics. 

The Mn 2 + binding site that we have identified resem- 
bles that deduced from studies of photoactivation kinet- 
ics [11,12]. Ono and Inoue found dissociation constants 
of 40/xM for Mn 2+ and of greater than 3 mM for Ca 2+, 
and Miller and Brudvig calculated dissociation con- 
stants of 51 + 5/~M for Mn 2÷ and of 70 + 40 mM for 
Ca 2÷ for a site involved in the rate-limiting step in 
photoactivation. These numbers are similar to those we 
obtained from P680 ÷ kinetics. We suggest that the 
photoactivation experiments and our measurements 
identify the same binding site and that it is one of the 
manganese binding sites of the OEC. 

In contrast, the sites for Mn 2+ detected by the 
H202-DCIP assay [5-8], by the DPC-DCIP  assay [10] 
and by time-resolved EPR measurements of the Y~ 
lifetime [9] have much lower K M values ( K  x in the case 
of  DPC-DCIP),  between 0.04-1 /LM for Mn 2+. In both 
the H202-DCIP assay and in the time-resolved EPR 
measurements, Ca z÷ and Mg 2+ were found to inhibit 
the reactions with inhibition constants of approx. 0.3 to 
1 mM. This inhibition may  operate simply by lowering 
the surface potential, which decreases the surface con- 
centration of Mn 2÷, rather than by direct binding of the 
competing ion at the binding site. The D P C - D C I P  
reaction was inhibited much less by Co 2+ and Zn 2+ 
than by Mn 2÷ and even less by  Ca 2÷ and Mg 2÷. The 
addition of NaC1 weakened the inhibition by  Mn 2÷, 
indicating a surface potential effect. 

Because of the strength of Mn 2+ binding at these 
sites, they appear to be distinct from the site that we 
have identified. There then would be two classes of 
manganese in the OEC, as indicated by the nature of 
their binding sites. This is consistent with the many  
reports that chelators easily remove not all four but two 
of the manganese atoms (e.g., Refs. 33,34), but it is 
possible that the manganese atoms not readily extracta- 
ble by chelators are in higher oxidation states than II.  

I t  is curious that the tightly binding Mn 2÷ produces 
no perturbation of the Yz-P680 ÷ reaction rate; Mn  2÷ 
bound to these sites reacts rapidly with Y~ so these 
sites must be rather near Yz. As the measurements 
which show submicromolar dissociation constants for 
manganese involve oxidation of Mn 2÷ to Mn 3+, the 
Michaelis or inhibition constants determined thereby 
may not be the true dissociation constants for Mn 2+. 
This might account for their absence from our flash 
experiments. On the other hand, it is reasonable to 
think that the rate of photoactivation would be limited 
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by the binding of Mn 2÷ to the lowest affinity site, so 
the high-affinity sites may well be real. Furthermore, 
the transitions of  the OEC from S O to $1 and from S 2 to 
S 3 produce rather little change in the Yz-P680 ÷ reaction 
rate, while the S 1 to S 2 transition produces a measurea- 
ble change in that reaction rate [3,35]. Thus, it appears 
that oxidation of manganese at certain of these sites, 
whether because of geometry or distance or compensat-  
ing charge displacements, produces little effect on the 
Yz-P680 ÷ reaction rate, and these factors may also 
determine whether binding of Mn 2 + exerts an effect on 
P680 ÷ reduction kinetics. It  would, however, be prema- 
ture to identify the site of the manganese ion oxidized 
on the $1 to S 2 transition with the site of the manganese 
ion whose binding we report here. 

The existence of a metal binding site with higher 
affinity for Cu 2+ than for Mn 2+ suggests that Cu 2+ 
may inhibit photosynthetic oxygen evolution by replac- 
ing Mn 2+. In studies using Hepes buffer (pH 7.5) and 
DCIP  as an electron acceptor, values for K I of 5 /~M 
[36] and 8 / tM [37] were determined. These inhibition 
constants agree well with the binding of Cu 2÷ that we 
observed. 

Although much remains to be worked out concerning 
the nature of manganese binding to PS II, we have 
identified a means of detecting the presence of Mn 2÷ at 
what may be one of the native binding sites of the OEC. 
This technique, in combination with chemical modifica- 
tion of amino acid residues or  site-directed mutagenesis, 
should be useful when searching for possible ligands t o  
the manganese atoms involved in photosynthetic oxygen 
evolution. 
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