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ABSTRACT. Binding of Mr?" to manganese-depleted photosystem Il and electron donation from the bound
Mn2" to an oxidized % tyrosine were studied under the same equilibrium conditiong*Mssociated

with the depleted membranes in a nonsaturating manner when added alone, but only?trienMrer
photosystem Il (PS II) was bound to the membranes in the presence of other divalent cations including
Ca&* and Mgt. Mn?"-dependent electron donation to photosystem Il studied by monitoring the decay
kinetics of chlorophyll fluorescence and the electron paramagnetic resonance (EPR) signal of an oxidized
Y2 tyrosine (Yz) after a single-turnover flash indicated that the binding of only oné*™Man to the
manganese-depleted PS Il is sufficient for the complete reductionydfinduced by flash excitation.

The results indicate that the manganese-depleted membranes have only one unique binding site, which
has higher affinity and higher specificity for Mhcompared with Mg" and C&", and that M&" bound

to this unique site can deliver an electron tgYvith high efficiency. The dissociation constant for Kin

of this site largely depended on pH, suggesting that a single amino acid residue Wijtvalyee around

neutral pH is implicated in the binding of Mnh The results are discussed in relation to the photoactivation
mechanism that forms the active manganese cluster.

Photosynthetic oxygen is evolved by a catalytic reaction and two other MA" ions are incorporated to complete the
of a tetranuclear manganese cluster located in the lumenaletranuclear cluster. Formation of the active cluster required
side of photosystem Il (PS H)protein complex. However, C&" (10, 11, which is also an indispensable inorganic
details of the mechanism of water photooxidation that cofactor for oxygen evolution, although the effects ofCa
produces molecular oxygen, the structure of the manganesédon on the process of the photoactivation are rather contra-
cluster, and the protein matrixes responsible for coordinating dictory 8, 9, 11, 12. C&" may be involved in formation of
the cluster are still quite limited (reviewed in reffs-4). One the active cluster according to a photoactivation study that
unique feature of the formation of the manganese cluster isused an ionophore for divalent catiorikl). Later, it was
that the photochemical process known as photoactivation isfound that the tetranuclear cluster can be formed in the
involved. Extensive kinetic studies of photoactivation in absence of Cd, although oxygen evolution capability
variously different experimental systems indicate that this requires C&" (8, 12. On the other hand, €a has been
process consists of at least two photochemical events withreported to be required for formation of the tetranuclear
several intermediate reaction statBs-9). According to the cluster at near-stoichiometric concentrations of?M(®).

two-quantum hypothesis for photoactivatiaf), (Mn?* bound In Mn-depleted PS Il obtained by washing with MpH
to a specific binding site is photooxidized, followed by the or Tris, an exogenously added Kindonates an electron to
sequential binding and photooxidation of another’Mion, PS Il (13—20). This reaction was regarded as the first

: : photochemical process constituting photoactivation, and a
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from hydrogen peroxidel@d—16), Mn?**-dependent change and then resuspended in buffer A. Nontreated control
in the yield and decay kinetics of Chl a fluorescen2é, ( membranes were washed once with buffer A containing 1
26—29), and the ¥" EPR signal 17, 20. Studies using mM NaEDTA and then resuspended in buffer A after
stoichiometric amounts of Mn indicate that adding two or  extensive wash. Oxygen-evolving activity was not changed
more Mr¥t ions per PS Il facilitates electron donation from by this procedure in control membranes.
Mn?*, suggesting that at least two Fthions must bind per Mn Quantification.For binding studies, NaCIl/N}DH-
PS Il for effective electron transferl§, 27, 30. Mn2* treated and Tris/NBFDH-treated membranes were suspended
binding to multiple sites with different levels of affinity and in buffer A containing various concentrations of Ma@t 1
various chemical properties has been suggested throughmg of Chl/mL. CaC} or MgCl, was added where indicated.
kinetic analysis of electron donation by Ktrcombined with After an incubation for 10 min at 20C, the membranes
changes of the putative sites using chemical modifiers spe-were removed from the suspension by centrifugal filtration
cific for amino acid residues2(, 23, 28, 29, 3land by through 0.65um filter units (Ultrafree, Millipore). The
selective proteolysi2@). Furthermore, an EPR signal attribu- amount of M+ in the filtrate was determined by measuring
table to a binuclear Mn(ll,11) cluster was detected as a pre- the intensity of the six-line EPR signal of Mihwith a Jeol
cursor of the active tetranuclear cluster formed by photoac- JES-FE1XG X-band EPR spectrometer using a flat-type cell
tivation when both MA™ and C&" were added to Mn- (70 L) at 20°C. The microwave power was 10 mW, and
depleted PS Il in the dark3(Q). These results imply that  the modulation frequency and amplitude were 100 kHz and
original or portions of the original ligation sites for the native 20 G, respectively. The amount of bound ¥Mmas estimated
cluster exist even in Mn-depleted PS II. by subtracting free Mit from the total. To determine the
Although these analyses may provide some information Mn content of the control, the NaClI/N®H-treated, and
about the MA" binding responsible for electron donation, Tris/NH,OH-treated membranes, Mn was extracted with 0.2
the amounts of M# bound to PS Il under equilibrium M HNOjzand 0.1 M CaGlfor 20 min at room temperature,
conditions should be directly quantified to characterize the followed by centrifugation to precipitate the denatured
binding of Mr* and the electron donation from the bound membranes. Then, the amount of Mn in the supernatant was
Mn2t, However, very few attempts have been made to determined by EPR spectroscopy. Alternatively, the Mn
elucidate the amounts of Mhassociated with Mn-depleted  content of the sample membranes was directly determined
PS 1l (16, 29. In this study, the amount of Mh bound to by atomic absorption as describeg). The same results
the Mn-depleted PS Il was directly determined, and the were obtained by these two procedures.
electron donation from Mt was examined by monitoring Photoactvation. NaCI/NH,OH-treated PS Il membranes
Chl a fluorescence and thez¥ EPR signal under the  were suspended at 1 mg of Chl/mL in buffer A supplemented
conditions of the MA" binding assay. The M oxidation with DCIP, MnC}, CaC}, and NacCl as indicated. Aliquots
were measured by a single-flash condition, which prevents of 0.2 mL of sample suspension were distribute@t7 mm
possible interference by Mhgenerated during photochemi-  diameter plastic tray and were illuminated with fluorescent
cal measurements. The results show that Mn-depleted PS liwhite light at 20°C for 30 min. Q evolution was measured
retains only one high-affinity/high-specificity site for ¥ with a Clark-type oxygen electrode in buffer A supplemented
and that MA* bound to this site is selectively photooxidized with 50 mM CaC} and 0.5 mM phenyp-benzoquinone at
by Yz. Some properties of this unique binding site are also 25 °C under saturating light conditions.
presented. Fluorescence Decay KineticEluorescence decay after a
single flash was measured with a PAM fluorometer (Waltz,
MATERIALS AND METHODS Germany) at 20C. Membrane suspensions were excited with
Biochemical Preparation€Oxygen-evolving PS Il mem-  a single-turnover flash (gs), and the decay kinetics were
branes were prepared from spinach as descriBgd The monitored at 20 and 1Q@s resolution with a measuring light
membranes were depleted of Mn by washing with NaCl/ at 100 kHz modulation. Sample membranes were placed in
NH,OH or Tris/INHLOH. To wash with NaCI/NKHOH, the a cell with a thickness of 0.1 and 4 mm for measurements
membranes were suspended in medium consisting of 2 Mat 1 and 0.025 mg of Chl/mL, respectively. DCMU (50 and
NacCl, 0.4 M sucrose, and 20 mM Mes/NaOH (pH 6.5) at 1 20uM) was added to the sample suspensions at 1 and 0.025
mg of Chl/mL and incubated for 20 min at . The mg of Chl/mL to interrupt Q~ oxidation by Q.
membranes were then suspended in medium consisting of Yz" Signal Decay KineticsRereduction kinetics of ¥*
0.4 M sucrose, 20 mM NaCl, 1 mM NJ@H, and 20 mM after a single flash were monitored by EPR signalHing
Mes/NaOH (pH 6.5) at 1 mg of Chl/mL after one wash each a Jeol JES-FE1XG X-band EPR spectrometer and a flat-
with the 2 M NaCl buffer and the 20 mM NacCl buffered type cell at room temperature. Samples at 1 mg of Chl/mL
media. After an incubation for 5 min at°’C, 1 mM NaEDTA in buffer A were intermittently conducted into the cell by a
was added to the sample suspension. The membranes werperistaltic pump from a reservoir on ice and were illuminated
extensively washed with the same medium without NaEDTA with a 7 nssingle pulse from a frequency-doubled (532 nm)
to eliminate NaEDTA completely. After 5 washes, the Nd—YAG laser (Spectra-Physics) with an energy of about
membranes were suspended in a medium containing 0.4 M20 mJ. DCMU (50uM) was added to the sample suspen-
sucrose, 20 mM NaCl, and 20 mM Mes/NaOH (pH 6.5) sions. The laser was fired at 0.2 s after cessation of pumping,
(buffer A) and stored in liquid N To wash with Tris/ EPR data were acquired during the next 1.2 s, and then new
NH,OH, the membranes were incubated in 30 mM Tris-HCI samples were supplied by a 0.6 s operation of the pump.
(pH 9.7) at 0.5 mg of Chl/mL for 10 min at C. The The sequence was controlled with a personal computer. The
membranes were immersed in the medium containing 1 mM kinetic traces of ¥* were directly recorded with a digital
NH,OH followed by extensive washes as described above oscilloscope (LeCroy 9400A) with no capacitive coupling,
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144 Table 1: Restoration of Photosynthetic Oxygen Evolution by
Y Photoactivation in Extensively Washed NaCl/p0H-Treated PS I
121 d Membranes
£ 104 O/ oxygen-evolving activity
&E 8+ umol of O,
+§_ o sample membranes (mg of Chth)™t  rel %
S e nontreated control 590 100
H oo / NaCl/NHOH treated <10 <2
5 O/ A NaCl/NH,OH treated and photoactivated
P S SN AL condition A 430 73
0 b P . , . condition B 320 54
0 25 50 75 100 .
. aNaCl/NHOH washed membranes (1 mg of Chl/mL) were il-
Mnpree, UM luminated for 30 min in buffer A containing 1 mM Mn£&120 mM
Ficure 1: Amounts of MA* bound to NaClI/NHOH—-PS Il CaCb, and 100 mM NacCl for condition A or 5aM MnCl,, 5 mM
membranes. Medium contained 5 mM Ca(l), MgCl, (a), and CaCb, and 20 mM NacCl for condition B. DCIP (10M) was included
no divalent cation®) in addition to exogenous Mnght various in either condition.

concentrations. Dashed line corresponds to oné™W@s Il. Data
are the average of three measurements. Sample membranes at jhcreasing gradually above 51 MNnZee. A similar binding
mg of Chl/mL in buffer A (pH 6.5) were incubated with various ; ; 2K Ai~ At
concentrations of M# and a supplemented divalent cation in the curve was obta}lned in the'presemehe of 5 MM M@dlpat!ng
dark. The amounts of free and bound Mnvere elucidated by that the effect is not specific for These results |nd|cate
determining free M#" in filtrates that passed through 0.6&n that NaCl/NHOH-treated PS Il membranes have a unique
membrane filters. high-affinity binding site with high specificity for M&t but

_ . most Mt weakly and/or nonspecifically binds to the
and 1006-1400 traces were averaged. The magnetic field jyembranes via electrostatic interactions.

was fixed on the low-field peak of the,Y spectrum. Other Photoactvation. NaCI/NH,OH-treated PS Il membranes
EPR settings were as follows: time constant, 1 ms; micro- ,,sed for Mr#*-binding studies showed nearly na evolu-

wave frequency, 9.445 GHz; microwave power, 3 mW; and tjon which is consistent with an almost complete loss of
field modulation amplitude, 20 G at 100 kHz. Identical anganese, but Qevolution was restored by illuminating
kinetic data were obtained at a field modulation of 5 G. the treated membranes as shown in Table 1. Considerable

RESULTS O, evolution was re_stored under the same ion condition as
that for the MiA* binding assay: 5@M MnCl,, 5 mM CacC},

Mn?* Binding. NaCI/NHOH-treated and Tris/N}DH- and 20 mM NaCl. The Chl concentration used for photoac-
treated PS Il membranes lost almost all manganegk]( tivation study was identical to that for the Mfhbinding
Mn/220 Chl) compared with control membranes (£D.2 assay. These conditions gave about/8 free Mr?*, at

Mn/220 Chl). The addition of M#t ions to the NaCl/  which only one MA" ion per PS Il associated with the
NH,OH-treated membranes caused equilibrium binding of membranes before illumination as shown in Figure 1. The
the ion to the membranes as shown in Figure 1. The amountsrestored @evolution under the binding assay condition was
of bound Mr#* increased with free Mt (Mn?*4ee) in @ non- as high as 70% of that under the optimum ion condition for
saturating manner, indicating that the membranes possesghotoactivation: 1 mM MnG| 20 mM CaC}, and 100 mM
multiple sites for MA" with heterogeneous binding proper- NaCl 35—37).

ties. These findings are consistent with the fact that the Effects of MA" on Chl Fluorescence Decajn electron
intensity of the aqueous six-line EPR spectrum becomesdonation from the bound M to an oxidized ¥ (Yz') was
negligibly small when stoichiometric amounts of Rrare monitored by measuring the yield of flash-induced variable
added to the membrane34j. It is of note in this context  fluorescence in the presence of DCMU as shown in Figure

that we could not detect a Mhbinding site with submi- 2. The Chl concentration used for the measurements was
cromolar affinity in this assay. Our results are contrast to identical to that for the Mff” binding assay shown in Figure
the finding (L6, 24 that limited numbers of M#t (1-3 1. A single saturating flash yielded maximum fluorescence

Mn2*/PS II) are bound to Mn-depleted PS Il. Although the level (F.,) due to Q~ formation, and the fluorescence yield
reason for this contradiction is unknown at present, it may decayed to a low constant levél {) in the absence of added
be significant that the metal assays had been conducted afteMn?" due to the loss of the £ population by charge
illumination of the samples with continuous light in the recombination betweenz and Q. F., was higher than

presence of M#. Chen et al. 35) have reported that M an initial fluorescence levelF), presumably due to the
is incorporated into Mn-depleted membranes after illumina- presence of an alternative pathway for the reductiongf Y
tion in the presence of Mn but without C&", although Q and/or Rggt or the oxidation of a reduced pheophytine. In

evolution activity is not restored. Therefore, the reported the presence of M, the fluorescence decayed to a low
amount of bound Mn may reflect Mh incorporated into stable level ) that reflects the population of the Q

the membranes in a light-dependent manner. The bindingretaining PS Il center in which X is reduced by rapid
curve was markedly changed in the presence of 5 mft Ca electron delivery from M#". F_ increased with M#"
which may be associated with the putative3Hbinding sites concentration to readk, at Mr?" concentrations higher than
as a specific competitor and/or reduce the local concentration8 uM, where the decay was almost completely inhibited due
of Mn?* effected by surface charges around the putative to full reduction of Yz by Mn?*. Generally, the relationship
binding sites. Binding of Mfit was largely suppressed, between normalized £ population and fluorescence yield
reaching a plateau around ©6:9.0 Mr?*/PS Il and then is curvilinear because of energy transfer between PS Il units
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Ficure 2: Effects of M+ on relaxation of the yield of chlorophyll 7 ‘é
fluorescence. NaCl/NyDH-treated PS Il membranes at 1 mg of S o °
Chl/mL in buffer A (pH 6.5) were illuminated with a single-turnover
flash in the presence of (a)/M, (b) 1.4uM, (c) 3.3uM, (d) 5.5 00 05 1 15
uM, and (e) 8«M Mn?*. DCMU (40 «4M) and no divalent cation,
other than MA" ion, were included in the reaction mixture. Two Mn2+, - /PSIE
measurements were averaged. See text for other experimental B
conditions.
(38). This nonlinearity can be minimized, as in the present b £ /
study, by omitting divalent cation from the reaction mixture \y ~2 . )
(39). B % =7
Figure 3A shows the effect of the amount of bound”Mn - S

on the fluorescence that is decayed after a single flash. The u,-‘E’ D\O R S
relative extent of fluorescence decay, expressed=as—( e N UM ) M1
F/(Fm — FLo), decreased in proportion to the number of o 097 ;: o
bound Mrt ions per PS Il and was totally suppressed at 1 o N
Mn2*/PS Il. The result indicates that the-'Yproduced by a OQ%D
single flash is rereduced almost completely when oné"Mn &
is bound to PS II. Since PS Il has one unique binding site 2 o "~own.
with high specificity for M@t as shown in Figure 1, it is 0 :
conceivable that the M bound to this site is preferentially o 23 456
oxidized by Y;". The result also indicates that Fmis (MnZ*p..), LM

oxidized only after binding to this specific site and the ( Ficure 3: (A) Correlation between the relative extent of fluores-
— FLo)l/(Fm — Fuo) (= 1 = {(Fm — FU)/(Fm — FuLo)}) reflects cence decay after a single flash and the amounts of bourfd.Mn
the relative population of PS Il preserving kn[Mn2*-PS (B) Effects of free MA* on the relative extent of fluorescence decay
HJ/[PS lla]. Thus, flash-induced photooxidation of Kt after a single flash. NaCIl/Ny®H-treated PS Il membranes at 1

can be described by the following simple model: mg of Chl/mL (©) and 25ug of Chl/mL Q) in buffer A (pH 6.5)
were illuminated with a single-turnover flash in the presence of 10

ot ot hy 3t and 40uM DCMU, respectively. No divalent cation, other than
IMN“"¢od + [PS llged < [MN“"-PS ] — [Mn*"-PS II] Mn2*, was included in the reaction mixture. The extent of
fluorescence decay was expressedras—< F)/(Fn — FLo), where
where [M#-PS 1I] = [Mn3+-PS 11]. SL, Fio, anr(]ij representfa steady-state low fluorescence Ievc(jel after
. _ ecay in the presence of various concentrations of'iyia steady-
Figure 3B shows the effect of [Miffed ON (Fm — FL)/ state low fluorescence level after decay in the absence 6fMn
(Fm — FLo) measured at 1 mg of Chl/mlO®) and 25ug of and the maximal fluorescence level, respectively. Inset shows a

Chl/mL (@). [Mn?*4¢¢ can be nearly equal to [Mn,qd at Scatchard-type plot. See text for other details.
25 ug of Chl/mL and be constant before and after a flash,
because it can be assumed that fMRS 1] is negligibly protein but lost the other two proteins. Both of the mem-
lower than [Mr#t,4d. The resulting dependence curves were brane samples showed the same concentration dependence
superimposable despite a 40-fold difference in PS Il con- on [Mn?*qe. Furthermore, MA™ was bound to the Tris/
centration, indicating that the model and the concomitant NH,OH-treated membranes in the same manner as to the
assumptions are applicable to the study of?Mbinding. NaCl/NH,OH-treated membranes (data not shown). These
This also verified the amounts of Mhdetermined in the  findings indicate that the 33 kDa protein does not influence
present study. As shown in the inset figure, the 14Mg) the affinity of Mr?* for the unique binding site. Thus, the
vs 1L (FL — FLo)/(Fm — FLo)} (= 1K [Mn2*-PS 1)/[PS lkotall}) site may be located in a vicinity whose environment is not
plot becomes a straight line, the slope of which gives a affected by the 33 kDa protein.
dissociation constankg) of 1.3uM that is roughly consistent Figure 5 shows the effect of pH on Nnrdependent
with the value obtained by a similar metha2By. inhibition of fluorescence decay after a single flash. A higher
Figure 4 shows the effect of [Mmyed On the florescence  concentration of M was required for suppression of the
decay after a single saturating flash in Tris/fHH-treated fluorescence decay at lower pH values as shown in Figure
and NaCI/NHOH-treated PS Il membranes. The Tris/ 5A. Plots of 1/[M# ed Vs 1 (FL — FLo)/(Fm — FLo)} (=
NH,OH-treated membranes lost the extrinsic 16, 24, and 33 1/{[Mn?"-PS IIJ/[PS lkxa]}) at respective pH values yielded
kDa proteins, whereas the NaCl/MBH-treated membranes  a straight line despite the obvious change in the concentration
preserved the manganese-cluster-stabilizing 33 kDa extrinsicdependence curve (Figure 5A, inset). The dissociation
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FicURE 4: Effects of 33 kDa Mn-stabilizing protein on Mh

dependent change of the relative extent of fluorescence decay after

a single flash. NaCl/NKOH-treated ©) and Tris/NHOH-treated
(®) PS Il membranes in buffer A (pH 6.5) were illuminated by a
single-turnover flash at 2&g of Chl/mL in the presence of 1V
DCMU. No divalent cation, other than Mh, was included in the
reaction mixture.

constantKy) determined by the slope of each line was highly
dependent upon pH. The&y decreased with increasing pH,
indicating that the affinity for MA* increased with pH. The
log Kq vs pH plot shown in Figure 5B reveals that the
dependence curve fits a straight line with a slope of
approximately—1 below pH 7, and that it is pH-independent
above pH 7. The rate of back reaction betwegn énd Y;*
after a flash is dependent upon pH with the recombination
rate being higher with decreasing pHO0( 41). Therefore,
the pH dependence dfy may reflect the pH-dependent
change in the lifetime of ¥*; that is, the probability of the
access of Mf" to Y " increased at higher pH values due to
the longer lifetime of ¥*. As shown in Figure 5B, pH

Ono and Mino

A =20
5 15
g 10
3
_ 1 & 3
I OD\D £ 0
~ ~ \
3 \? Hog
= 20 N
z 2 o
g i e
K 0.5 \A R o,
= v &
= \ 00
Lo
0
\ O\O\
2
\A‘A_ O\o\
0 T T T T
0 2 4 6 8 10
[Mn2+free]’ HM
B
\o\
N
i o
g
;| e
(33
o
“;; Xo_o_
3 <0
g 014 o
s ~0
ES g
S O™~
4 B>
0.014 N
5 6 7 8
pH

FiIGURES: (A) Effects of pH on the M dependence of the relative
extent of fluorescence decayed after a single flash. Sample
membranes at 2bg of Chl/mL were incubated in buffered medium
atpH 5.5 ), pH 6.5 ), and pH 8.0 4). Inset shows Scatchard-

dependence of the rate of the charge recombination (as theyPe plots. (B) pH dependence of the NMndissociation constant

reciprocal of the half-time of fluorescence decay after a flash
in the absence of added NI was considerably different
from that of theKy, being a straight line throughout all pH

(O) and the relative rate of charge recombination betwegnapd

Y, in the absence of exogenous Mr{d). NH,OH/NaCl-treated

PS Il membranes were incubated in buffer medium consisting of
20 mM Mes/NaOH for pH 5.66.5 and 20 mM Hepes/NaOH for

values with a gentle slope. Therefore, it can be concluded pH 6.5-8.0. DCMU (10xM) and no divalent cation, other than

that the observed pH dependencegis attributable to the
pH-dependent change in the affinity of the Mrbinding

site. The pH dependence curve suggests that a residue

responsible for MA" binding has been protonated below pH
7, leading to lower affinity for MA".

Effects of MA™ on Y;* Decay.Yz' reduction by MA*
was directly measured by following &Y EPR signal after
a single flash under the same conditions as those for tHfé Mn

binding assay and the fluorescence decay experiments. No

redox reagent was included in the reaction mixture for
elimination of undesirable interaction with Nfnh and/or

Mn3*, and the sample was renewed after each flash. Figure

6 shows the effects of M upon the decay course of the
Y 2" signal. Mrf* significantly suppressed the signal intensity
as well as the lifetime of ¥". It is of note that the slow-
decaying component found in the absence ofM(trace a)
was eradicated by the addition of 781 Mn?* (trace c).
Figure 7A shows the effects of Mh binding on the
amplitude of ;' signal. The ¥* amplitude decreased
proportionally with increasing amounts of bound Mrand
lowered to approximately 30% that in the absence ofMn
at 1 bound MA*/PS II. A simple interpretation is that an

Mn2*, were included in the reaction mixture. Dissociation constants
were evaluated by the slope of Scachard-type plots shown in the
inset of panel A.

EPR signal intensity, rel.

o
<

460
Time, msec

Ficure 6: Effects of Mf™ on decay kinetics of ¥+ EPR signal

after a single-turnover flash in Nl®@H/NaCl-treated PS Il mem-

branes. Sample membranes at 1 mg of Chl/mL in buffer A (pH

6.5) were illuminated in the presence of (a) 0, (b) 3, and (c) 7.5

uM Mn2*, respectively. DCMU (5Q«M) and no divalent cation,

other than MA*, were included in the reaction mixture. See text
for other details.

electron donation from the Mnh bound to the unique site is
rapid enough to be accomplished within the time constant
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Ficure 7: (A) Correlation between the intensity of Y EPR signal
and the amounts of bound ¥th (B) Effects of free MA™ on the
pseudo-first-order rate constant of the decay ef ¥PR signal.
NH,OH-treated PS Il membranes at 1 mg of Chl/mL in buffer A
(pH 6.5) were illuminated with a single-turnover flash in the
presence of 5@¢M DCMU. No divalent cation, other than Mn,
was included in a reaction mixture. See text for other details.
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the reduction no longer follows a second-order process and
is not determined by diffusion and/or collision processes
between ¥* and free MA" at these concentrations. It is
notable that approximately one Kfnbinds to PS Il at 3:M

free Mr¢™ under experimental conditions. The results,
therefore, seems to support the view that"¥s directly
reduced by MA" bound to the specific site even in the 30%
PS Il center, although the rate ofYreduction is relatively
slow.

DISCUSSION

The present results demonstrated that the Mn-depleted PS
I membranes have only one binding site with high specificity
for Mn?* as shown in Figure 1, although large amounts of
Mn?* may associate with the membranes via electrostatic
interactions. Since X" is efficiently extinguished by reduc-
tion when one M#" ion is bound to one unit of PS Il as
shown by the analyses of flash-induced fluorescence (Figure
3) and the ¥ EPR signal (Figure 7), the binding site for
Mn2* responsible for ¥* reduction retains higher affinity
for Mn?" ions than other nonspecific sites. These findings
indicate that Mn-depleted PS || membranes have a unique
binding site for MiA* and that only MA" bound to this site
is efficiently oxidized by %*. It is highly likely that this
site corresponds to the high-affinity Mn-binding site sug-
gested by kinetic analyses of Knoxidation (L5, 18, 20,

22, 23, 28.

Since oxygen-evolving PS Il retains the tetranuclear
manganese cluster, a maximum of four Mrinding sites
related to the ligation of the native manganese cluster will
exist in the Mn-depleted PS Il. Although no direct evidence
shows that the M#t oxidizing site found in the manganese-
depleted PS Il comprises the proper site for ligating the
manganese cluster, the site is believed to be involved in the
first photochemical step in photoligation of the active cluster
(5—-9). Therefore, the M#" oxidizing site must at least be
in very close proximity to the native ligation sites of the
manganese cluster. According to one model of photoligation
of the active manganese clust&),(a Mr?* ion is oxidized

of the spectrometer (1 ms), although the broadening of theat its binding site by the first photochemical step, then

EPR spectra by binding of Mh near Y;* cannot be
excluded completely. The remaining 30%*Ycan be also
ascribed to the PS Il center with electron donation fron?Mn
because this ¥" fraction decayed 10 times faster thaptY
in the absence of Mii. The result, therefore, can be inter-
preted to mean that 30%;Y was reduced relatively slowly
by Mn?*. Two rationales may explain this. The first is that
the rate of electron donation from bound ¥rno Yz is
slower in the 30% PS Il center, presumably due to modifica-
tion of the binding site. The second is that*is reduced
by Mn?* in a rather nonspecific manner in the 30% PS I

another MiA* ion is oxidized by a second photochemical
step, followed by the binding of two more Mihions. The
NaCl/NH,OH-treated membranes retained high ability to
photoligate the active manganese cluster, and 70% O
evolution was restored by illumination in the presence of
50 uM Mn?* and 5 mM C&" at 1 mg of Chl/mL compared
with that restored under optimum ion conditions as shown
in Table 1. Since the membranes retained only ZMan/

PS Il under these conditions in the dark as shown in Figure
1, the present results provide direct evidence that only one
Mn?* stably binds to the unique oxidizing site and that the

center. These two possibilities may be distinguishable sinceother three MA" ions cannot associate with their putative

the rate constant of ¥ reduction by adventitious M is
expected to increase linearly with ®fhconcentration.
Figure 7B shows the effects of the free Mtoncentration
on the decay rate of thezY signal remaining after rapid
reduction by the bound M. Consistent with the reported
results (7, 20, Yz© was reduced with pseudo-first-order

binding sites, at least during the first photochemical step of
photoligation of the manganese cluster in accordance with
the proposed scenarid@)( Since four Mt ions have to be
taken up for the photoactivation, a new high-affinity binding
site(s) for Mr#™ or Mn3* should be formed as a consequence
of the Mr¢* oxidation. Alternatively, M&" will be oxidized

kinetics. A pseudo-first-order rate constant showed a linear to Mn** at the same binding site by the second photochemical

relationship with free Mfi™ at lower concentrations, but the
dependence curve bent to a constant level at'Mioncen-
trations higher than about 3 mM. The results indicate that

reaction.
Some reports indicate that Nih efficiently donates an
electron only when M#f is present at a concentration
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equivalent to 2 MA"/PS Il in the presence of Mgghnd

Ono and Mino

the pH dependence of the appardfy value for Mr*

CaCl as detected by the recovery of variable fluorescence determined by the rate of DCIP photoreduction withan

under continuous light26) and suppression of ¥ signal
formation under multiple flashe8@). These results had been
interpreted to mean that the binding of 2 MMPS I
facilitates an electron donation ta-Yfrom the bound M#'.

In addition, an EPR signal probably responsible for a spin-
coupled binuclear Mn(ll,Il) has been observed in the dark
in the presence of Mt added at a concentration equivalent
to 2 Mr?*/PS Il to the membranes depleted of Mn by a
lipophilic chelator 80). Since the signal was detectable only
in the presence of Cg it has been proposed that €a
organizes the Mn(ll,Il) dimer by interacting directly via
solvent or protein-derived bridging ligands and that thé&'€a

as an electron dono2(). These results have been interpreted
to mean that a histidine residue participates irMuinding

in some of the high-affinity sites or some ligands of a single
site for Mr?*. As shown in Figure 5B, the pH dependence
curve of the dissociation constants of ¥ris compatible
with the view that a histidine residue is involved in Mn
binding at this unique site. A histidine residue has been
proposed to serve a proximal base that receives the phenolic
proton of Yz (42) and/or serve as a ligand for the manganese
cluster @3). Such a histidine residue may also responsible
for the binding of MiA" by taking into account a rapid<(l

ms) and efficient electron donation tg, 'Y from the bound

induced Mn(ll,Il) dimer serves as a precursor for the Mn2'

formation of the functional manganese cluster during pho- The pH dependence curve described in this study is quite
toactivation. However, the amount of Ffhbound to the different from that reported for the apparéqt value derived
membranes had never been determined. In fact, only onefrom Mn?*-dependent DCIP photoreductio®0j, in which
Mn?* was bound to the membranes in the presence &f Ca the pH dependence is represented as a straight line with a
as shown in Figure 1. The proposed dimer, therefore, wasslope of—1 between pH 8.0 and 6.2, below which the value
not apparently formed in the NaCl/NBH-treated mem-  becomes less dependent on pH. At present, there is no clear
branes even in the presence ofCalhis suggests that the explanation that accounts for this difference in the depen-
dimer is not a direct precursor for the active manganese dence curves. Modification of the membranes with DEPC
cluster during photoactivation. The possibility that the dimer in the presence of native manganese cluster does not affect

is formed in a minor population of PS Il centers under our
experimental conditions cannot be completely excluded.
The effects of exogenous Mhon Yz ' reduction in Mn-

the pH dependence of th&, value, although a rapid X
reduction by MA* was largely inhibitedZ0). Therefore, the
Ku may not directly reflect the affinity of the site for Mn

depleted PS Il have been previously reported, where theresponsible for ¥ reduction.

reduction rate of ¥' is increased by Mt addition but the
signal amplitude is kept constant®, 20. These results
indicate that the rate-determining step of*Yreduction is
the diffusion of Mrf™ to Y,". On the other hand, M

notably suppressed the intensity of the*Ysignal and

accelerated its decay rate as shown in Figure 6. Since the

minimal half-decay time of ¥" in the presence of Mt is
reported to be about 2.5 m&7q) and 5 ms 20), the limitation

of the spectrometer time constant of 1 ms in the present study
cannot account for the decrease in the signal amplitude

caused by M#". The present finding indicates that Yis
rapidly reduced by an electron donation from Mnhat is

bound to a unique binding site. In the reported studies, time-
resolved measurements proceeded in a redox buffer contain- 8

ing equimolar ferricyanide and ferrocyanide to keep the

effective concentration of reactants during repetitive flashes.
The assumed rate-limiting step under these conditions might

be binding of Mi#* to the site or a redox-buffer-dependent
reduction of Mi* that has to be released from its binding
site before rereduction to Mh. The diffusion of M@* then
limits the whole reaction process, and Mrwill affect the
reduction kinetics of ¥" but not its amplitude. In this
context, ;' is reportedly reduced biphasically by kmat
pH 7.5 (L7). The fast phase has a lifetime of about-6(B5
ms and it does not depend on Rinconcentration, but the
slow phase accelerates as the?Mooncentration increases.
This may be compatible with the present result, although
the dependence of the intensity of these two phases éh Mn
concentration had not been reported.

Several lines of evidence implicate a histidine residue in
the binding of Mi#*™. Treatment of the Mn-depleted mem-
branes with the histidine modifier diethyl pyrocarbonate
(DEPC) partially suppresses the Mrdependent inhibition
of DPC-supported DCIP photoreductid?8( 29 and changes
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