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ABSTRACT: The size and charge density requirements for metal ion binding to the high-affinity Mn2+ site
of the apo-water oxidizing complex (WOC) of spinach photosystem II (PSII) were studied by comparing
the relative binding affinities of alkali metal cations, divalent metals (Mg2+, Ca2+, Mn2+, Sr2+), and the
oxo-cation UO2

2+. Cation binding to the apo-WOC-PSII protein was measured by: (1) inhibition of the
rate and yield of photoactivation, the light-induced recovery of O2 evolution by assembly of the functional
Mn4Ca1Clx, core from its constituent inorganic cofactors (Mn2+, Ca2+, and Cl-); and by (2) inhibition of
the PSII-mediated light-induced electron transfer from Mn2+ to an electron acceptor (DCIP). Together,
these methods enable discrimination between inhibition at the high- and low-affinity Mn2+ sites and the
Ca2+ site of the apo-WOC-PSII. Unexpectedly strong binding of large alkali cations (Cs+ . Rb+ > K+

> Na+ > Li+) was found to smoothly correlate with decreasing cation charge density, exhibiting one of
the largest Cs+/Li+ selectivities (g5000) for any known chelator. Both photoactivation and electron-
transfer measurements at selected Mn2+ and Ca2+ concentrations reveal that Cs+ binds to the high-affinity
Mn2+ site with a slightly greater affinity (2-3-fold at pH 6.0) than Mn2+, while binding about 104-fold
more weakly to the Ca2+-specific site required for reassembly of functional O2 evolving centers. In contrast
to Cs+, divalent cations larger than Mn2+ bind considerably more weakly to the high-affinity Mn2+ site
(Mn2+ . Ca2+ > Sr2+). Their affinities correlate with the hydrolysis constant for formation of the metal
hydroxide by hydrolysis of water: Me2+

aq f [MeOH]+aq + H+
aq. Along with the strong stimulation of

the rate of photoactivation by alkaline pH, these metal cation trends support the interpretation that [MnOH]+

is the active species that forms upon binding of Mn2+
aq to apo-WOC. Further support for this interpretation

is found by the unusually strong inhibition of Mn2+ photooxidation by the linear uranyl cation (UO2
2+).

The intrinsic binding constant for [MnOH]+ to apo-WOC was determined using a thermodynamic cycle
to be K ) 4.0 × 1015 M-1 (at pH 6.0), consistent with a high-affinity, preorganized, multidentate
coordination site. We propose that the selectivity for binding [MnOH]+, a linear low charge-density
monocation, vs symmetrical Me2+ dications is functionally important for assembly of the WOC by
enabling: (1) discrimination against higher charge density alkaline earth cations (Mg2+ and Ca2+) and
smaller alkali metal cations (Na+ and K+) that are present in considerably greater abundance in vivo, and
thus would suppress photoactivation; and (2) higher affinity binding of the one Ca2+ ion or the remaining
three Mn2+ ions via coordination to formµ-hydroxo-bridged intermediates, apo-WOC-[Mn(µ-OH)2Mn]3+

or apo-WOC-[Mn(µ-OH)Ca]3+, during subsequent assembly steps of the native Mn4Ca1Clx core. In contrast
to more acidic Me2+ divalent ion inhibitors of the high-affinity Mn2+ site, like Ca2+ and Sr2+, Cs+ does
not accelerate the decay of the first light-induced intermediate, IM1, formed during photoactivation
(attributed to apo-WOC-[Mn(OH)2]+). The inability of Cs+ to promote decay of IM1, despite having
comparable affinity as Mn2+, is consistent with its considerably weaker Lewis acidity, resulting in the
reprotonation of IM1 by water becoming the rate-limiting step for decay prior to displacement of Mn2+.
All four different lines of evidence provide a self-consistent picture indicating that the initial step in
assembly of the WOC involves high-affinity binding of [MnOH]+.

Photosynthetic water oxidation is catalyzed by a manga-
nese metalloenzyme called the water oxidation complex
(WOC).1 It is a component of a multisubunit protein complex

called photosystem II (PSII) that also contains a photochemi-
cal reaction center for light-driven charge separation (for
reviews, see refs1-6). The active site of the WOC contains
minimally a redox-active tyrosine (Y161 of D1 protein), a
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histidine residue (D1-H190), and an inorganic core comprised
of three types of ions with a stoichiometry of Mn4Ca1Clx
that are all closely associated. The core can be assembled in
a light-dependent process starting from the cofactor-depleted
apo-WOC and simple inorganic salts containing all three
essential cofactors. This process is called photoactivation and
also occurs during biogenesis and normal PSII repair
processing (7, 8).

Reassembly of active O2-evolving WOC centers by
photoactivation has been shown to require alternating light
and dark steps (8), and also manganese, calcium, and chloride
for full restoration of activity (7-16). Kinetic resolution of
several steps has been achieved recently (10-13, 15), and
some intermediates in the assembly process have been
characterized by EPR spectroscopy (13-14). The kinetic data
have been used to establish a minimal model given in
Scheme 1 (15).

The first photolytic step,A w B involves an initial pre-
steady-state lag phase in which one Mn2+ ion binds and is
photooxidized to yield a Mn3+ ion. This step is coupled to
release of a proton into solution, forming the first photolytic
intermediate, IM1, with a binding constant logK1

-1 ) 5.1
(Table 1). This rapid photolytic step is followed by a slower
dark kinetic phase that is rate-limiting,B w C, denoted
IM1wIM2* in Scheme 1. This dark step involves the binding
of one Ca2+ ion and is presumed to involve slow folding of
the protein to produce a new conformation that is capable
of binding the remaining three Mn2+ ions with considerably
higher affinity, thereby accounting for the cooperativity in
Mn binding (11). Binding of the second Mn2+ ion and
subsequent photooxidation convert IM2* to IM 2, a long-lived
intermediate that can go on to bind two more Mn2+ ions
and recover oxygen-evolving capacity in faster steps that
have not been kinetically resolved. IM2 is believed to be a
spin-coupled dimanganese(III,III) pair based on EPR proper-
ties of a reduced precursor state (14).

A systematic study of the affinity and selectivity for
inhibition of photoactivation by alternative inorganic cofac-
tors is the subject of this paper. Such studies have not been
possible until recently, due in part to inadequate sensitivity
for O2 concentration measurements and competition with
photoinactivation of the apo-WOC protein (10, 11). Through
a systematic examination of the binding affinities for various
metal cations of known charge, ionic radius, free energy of
solvation, and hydrolysis constant (Lewis acidity), one can
assess what are the determinants of the binding affinities and
thus infer the structural dimensions of the site and the
energetics for cation binding and desolvation. Work has

begun to examine these factors in the apo-WOC (11, 12,
16-18, 19, 20).

In the present article, we report the binding affinities of
the alkali metal ions (Li+, Na+, K+, Rb+, and Cs+) and
selected divalent cations to the apo-WOC. Kinetic resolution
of the first two steps in photoactivation is achieved using an
ultrasensitive amperometric O2 electrode which enables
measuring the individual rate constants for assembly. We
present quantitative measurements demonstrating unusually
strong binding of Cs+ and oxo-cations such as uranyl (UO2

2+)
specifically at the high-affinity Mn2+ site and comparatively
weak binding to the Ca2+-specific site required for assembly
of the WOC. A self-consistent model for the initial steps of
assembly of the WOC and cation inhibition is obtained.

MATERIALS AND METHODS

PSII-enriched membrane fragments were prepared from
market spinach using Triton X-100 as a detergent (21, 22).
Samples (at 1 mg of Chl/mL) were stored at-196 °C until
they were slowly thawed and washed once in a medium
containing 300 mM sucrose, 35 mM NaCl, 25 mM MES/
NaOH buffer (pH 6.0), and 10% glycerol.

Manganese and calciumwere removed (0.05-0.1 Mn/
PSII) from PSII membrane fragments (0.25-1.0 mg of Chl/
mL) using the assay medium [300 mM sucrose, 35 mM
NaCl, 25 mM MES/NaOH buffer (pH 6.0)] along with 25-
35 mM TPDBA [a bifunctional hydrophobic poly(aminocar-
boxylate) chelator, (-OOC-CH2-CH2)2dN-CH2-C6H4-
CH2-Nd(CH2-CH2-COO-)2] and 1 mM ascorbate, as
described earlier (10-12).

PhotoactiVation of cofactor-depleted PSII membranes
(apo-WOC) by light pulses (red LED’s) and amperometric
detection of dissolved O2 in the assay medium containing
0.8 mM K3FeCN6 as electron acceptor were performed
simultaneously in a home-built Clark-type microcell of 5µL
volume (10, 11, 15). A Pt/Ir electrode (4 mm in diameter)
was covered with a thin silicone membrane capable of 100
ms time resolution. The current signal was amplified using
a band-pass electronic filter between 0.03 and 10 Hz (Model
113, Hewlett-Packard). This filtering enables detection of
the O2 pulse produced by the LED flash (20-30 ms), while
filtering the steady-state signal from dissolved O2 in the
sample. The amplified and filtered signal was digitized by a
12-bit data acquisition interface. Base line stripping was
performed by digital subtraction to remove a minor flash
artifact. The sensitivity for detection equals∼5 × 10-14 mol
of O2 per flash.

Electron transportwas measured by photoreduction of
DCIP (17, 18) using a diode array spectrophotometer (Model
HP8452A, Hewlett-Packard) equipped with four ultra-bright
LED’s (maximum excitation at 660 nm) positioned at 45°
to a 1 mmquartz cuvette.

The random error associated with measurements of the
O2 signal (Yss) or the initial electron transport rate was
insignificant in comparison to the random variation between
different samples. The estimated error inKB, K1, and Km

derived from these measurements performed on the same
day on the same sample is equal to(3%. The values of the
kinetic constants measured on different samples can vary
significantly, depending on the quality of biochemical
preparations, on the age of the apo-PSII membranes, and on

Scheme 1: Kinetic Steps Observed in the Assembly of the
WOC by Photoactivationa

a The top part of the scheme presents a minimal kinetic model that
fits the photoactivation data (15).
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the amount and duration of exposure to the chelator used
for extraction. By controlling these factors and using samples
stored at-195 K for less than 3 months, the observed trends
in the dependencies depicted on all plots were found not to
vary from sample to sample. All derived quantities were
determined at least twice under identical conditions.

All chemicals were analytical grade purity and purchased
from Sigma or Aldrich. The purity of the CsCl (99.9%) was
critical, and a stock solution was prepared directly before
experimentation.

RESULTS

Inhibition by Alkali Metal Ions.Figure 1 (traces a-c) gives
the time course for recovery of O2 evolution by photoacti-
vation of apo-WOC in the presence or absence of the
standard inorganic constituents, including Ca2+, Mn2+, and
Cl-. The medium always contains 1µM apo-WOC, saturat-
ing amounts of Cl-, and an electron acceptor like K3FeCN6

or DCIP/DCBQ, as these are strictly necessary for assembly
of the Mn4Ca1Clx cluster. As previously reported, the kinetics
are biphasic, with an initial lag phase followed by a single-
exponential recovery of O2 evolution. All centers undergo
99% reactivation based on previous comparison of the
maximum yield (Yss) to the activity of an intact WOC that
is depleted of the three extrinsic WOC polypeptides. The
light pulses are of fixed duration (30 ms) and fixed dark
interval (3 s). Trace d shows that 40µM Cs+ produces strong
inhibition of the maximum yield of activated centers (Yss)
and slows down the kinetics of assembly (∆t1/2 increased

by 30-60 s) versus a control without Cs+. These effects
contrast with the effect of Cs+ on O2 evolution in native
(intact) PSII membranes (Figure 2, trace b), where 10 mM
Cs+ produces only a 6% decrease in the O2 evolution rate
of intact PSII membranes relative to the control (Figure 2,
trace a). This result agrees with a previous study showing
only a weak effect of Cs+ on PSII membranes containing
the intact{Mn4} cluster, but otherwise treated to remove
Ca2+ ions and the three extrinsic polypeptides of the WOC
(50% inhibition of Ca-reactivated O2 evolution occurred at
10 mM Cs+) (23). Thus, the strong binding (and inhibition)
by Cs+ to the apo-WOC protein complex occurs at a site
which becomes exposed only following release of the{Mn4}
cluster, since Cs+ causes little inhibition of the intact WOC
or the WOC lacking the three extrinsic polypeptides.

Figure 3 compares the relative steady-state rate of O2

evolution after completion of photoactivation (Yss propor-
tional to the number of activatable apo-WOC centers) and
the relative half-time for photoactivation vs the concentration
of alkali metal salts (note the different concentration scales
for Cs+, Rb+, and K+). The overall binding constants (KB)
for inhibition of Yssare listed in Table 1 and plotted in Figure
4A, along with the results previously reported for NaCl,
MgCl2, and CaCl2 (10, 12, 15). Figure 4A also shows that
the KB value for monovalent cations is opposite to that
observed for divalent cations. Binding was studied in
standard medium for supporting O2 evolution (see Materials
and Methods).KB values are apparent binding constants, not
equilibrium constants, since these measure a multistep
nonequilibrium assembly process. Comparison of Figure 3
and Table 1 shows that both O2 yield is inhibited and
assembly half-time is retarded most efficiently by the larger
alkali metal cations (Cs. Rb > K > Na > Li), with a
remarkably high affinity and selectivity for Cs+. For the
smaller cation K+, a one-to-one correlation between O2 yield
and inverse of the assembly half-time (e.g., rate) could be
followed over a wider range of concentrations and was found
to be reciprocal, suggesting that the concentration of a single

FIGURE 1: Typical kinetics of the rate of recovery of O2 evolution
by inorganic cofactors and inhibition by Cs+. Each kinetic trace
represents a sequence of 400 light pulses (LED withtlight ) 30 ms
and tdark ) 3 s) obtained with 100 ms time resolution. (a) To the
assay medium were added all essential photoactivation constituents
(1 µM apo-PSII/8 mM Ca2+/0.8 mM K3FeCN6/43 mM Cl-) except
Mn2+; (b) excluding only Ca2+; (c) all photoactivation constituents
are present including 8µM Mn2+ and 8 mM Ca2+; (d) effect of
addition of 40µM Cs+ to conditions identical to the sample shown
in panel C. The dark incubation of each sample before pulse
illumination was 15 min. “a.u.” in all figures refers to arbitrary
units.

FIGURE 2: Kinetic traces demonstrating the effect of 10 mM Cs+

on O2 evolution by native PSII membranes with intact WOC. The
same illumination conditions that are optimal for photoactivation
are used here. Samples contain 1.6 mM K3Fe(CN)6 as an electron
acceptor. Extraction of the 17, 23, and 33 kDa extrinsic WOC
proteins by 1 M CaCl2 washing does not increase the sensitivity of
PSII membranes to Cs+ inhibition.
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pre-steady-state intermediate appears to be reduced. With
Cs+ the correlation appears not to be strictly one-to-one;
saturation of the half-time is not seen, suggesting a more
complicated behavior. Doubling the Mn2+ concentration from
8 to 16µM/PSII revealed that the Cs+ concentration required
to inhibit Yss also increased by 2-fold, from 30 to 61µM
(Table 2). Taken together, the data suggest that alkali metal
cations inhibit by displacing Mn2+ or Ca2+ or both ions at
one or more steps during photoactivation.

Determination of the IndiVidual Steps.To identify which
step(s) during assembly at which Cs+ might act, we resolved
the time dependence of recovery of O2 evolution into the
initial steps noted in Scheme 1, using previously reported
methods (15). A representative data set such as the control
sample from Figure 1c is shown in the insert of Figure 5,
replotted as the log of the fraction of inactive centers. This

graphical format reveals two sequential steps: an initial lag
phase followed by an exponential recovery of O2 evolution.

FIGURE 3: Effect of increasing concentration of the alkali metals
(K+, Rb+, and Cs+) on the recovery of O2 evolution by photoac-
tivation of spinach apo-WOC-PSII membranes. Both the yield of
photoactivated centers after reaching a steady-state maximum,Yss,
and the half-time,t1/2, are shown. The alkali metal salts used are
CsCl, RbCl, or KCl (note the different concentration scales for K+,
Rb+, and Cs+ ). The absolute yield of photoactivatable PSII centers
is 100% of the initial population of active centers. Absolute half-
times can vary from 110 to 200 s, increasing with sample history
(aging). Rate constants were determined on at least three samples
using methods previously described (15). Within a single data set,
deviations weree2%. Cs+ inhibition of photoactivation was found
to be reversible by removal of Cs+ by 2-fold washing in the dark
with fresh assay medium. Other experimental conditions as in
Figures 1 and 2.

Table 1: Apparent Binding Constants (KB) for Metal Ion Inhibition
of Photoactivation Yield (Recovery of O2-Evolving Centers) in
Spinach Apo-WOC-PSIIa

ion radius (Å) KB (M-1) 1/K1 (M-1) Khydrolysis
d

Sr2+ 1.13 4.3 360 6
Ca2+ 1.00 14 710 20
Mn2+ 0.80 22b 125000 2500
Mg2+ 0.66 45 380
Cs+ 1.67 33300 152000c

Rb+ 1.47 250
K+ 1.33 15 0.35
Na+ 0.97 1.25 0.63
Li + 0.68 1.0 2.29
UO2

2+ - 65400 1.58× 108

a 1/K1 is the equilibrium binding constant for metal ion inhibition
of Mn2+ binding to the initial (high-affinity) Mn2+ binding site (siteA
in Scheme 1), measured from the data for kinetics of photoactivation
in Figure 5. The data were obtained at a Ca2+ concentration of 8 mM
(except for the Ca inhibition data) and at pH 6.0. log plots are given in
Figure 4A.b Excess Mn2+ inhibits photoactivation at high concentration
while also being a required cofactor for photoactivation.c Values of
1/K1 ) 3.3 × 105 and 37 M-1 for Cs+ binding to the high- and low-
affinity Mn2+ sites, respectively, were also determined from the
inhibition of the rate of photoreduction of DCIP by apo-WOC-PSII
using Mn2+ as the electron donor. See text for details.d Data from ref
27.

FIGURE 4: (A) Apparent inhibition constants (logKB) for metal
cation inhibition of photoactivation yield (Yss) vs ionic radii of the
free cations. The alkali metal cations are plotted using diamonds
([), while divalent cations are plotted with circles (b). The open
triangles (4) for Mn2+, Ca2+, Sr2+, and Cs+ represent the true
equilibrium binding constants at the high-affinity Mn2+ site
determined from kinetics such as given in Figure 5:-log K1 )
-log (k1/k-1). (B) Metal ion binding affinity constant for apo-WOC
(-log K1) versus the formation constant for the free metal
hydroxide, [MeOH]+, in solution (Khydrolysis) (eq 1) (see text).

Cesium Binding to Apo-Water Oxidase of PSII Biochemistry, Vol. 38, No. 22, 19997203



These steps refer to formation of the first and second
intermediates, IM1 and IM2*, respectively (Scheme 1).

Direct experimental determination ofk-1, the rate constant
for decay of IM1, was carried out by interruption of the usual
pulse light illumination with a dark period of variable
duration. The dark period was started after 0-70 s of pulse
light illumination at the end of the lag phase, as determined
by linear extrapolation of plots of log (fraction inactive
centers) vs time obtained from the data analogous to those
in Figure 5 (inset). The half-time required for recovery of
the original lag period was taken as the half-life time for
decay of IM1 in the dark. The rate constant for the rate-
determining step of photoactivation,k2, was obtained from
the negative slope of the semilogarithmic plot of the fraction
of the inactive centers vs time in the interval starting
immediately after the break point and followed for at least
80-90% recovery, Figure 5 (inset). Determination ofk1 was
calculated in a self-consistent way using the values ofk-1

andk2 and the two-step kinetic model (Scheme 1). Specif-
ically, we adopted the assumption that the end of the lag
phase corresponds to the time when the concentration of IM1

reaches its maximum, so that preequilibrium is established
with k1, k-1 > k2. This assumption was verified by the
observation that the second step always obeyed a single-

exponential recovery of activity over>90% of the popula-
tion.

The resulting dependencies of the pseudo-first-order rate
constantsk1, k-1, and k2 (defined in Scheme 1) on Cs+

concentration are plotted in Figure 5 for standard photoac-
tivation conditions (8µM MnCl2, 8 mM CaCl2, and 1µM
apo-WOC). The data show that Cs+ exerts its strongest
inhibitory effect by suppressingk1, the binding and photo-
oxidation of the initial Mn2+. A 2-fold reduction is seen
between 10 and 40µM CsCl concentration. The true
equilibrium binding constant (K1) for Cs+ inhibition at this
site (siteA in Scheme 1), called the high-affinity Mn2+ site,
can be obtained from a standard expression for inhibition
kinetics (24):

In this expression [Cs]50% is the concentration of Cs+ that
causes 50% inhibition of the rate of step 1, whileKMn is the
dissociation constant for Mn2+ at this site.KMn was deter-
mined to be 8µM in earlier measurements (15). Hence, the
value ofK1 obtained from the data in Figure 5 is 6µM at
pH 6, a slightly higher affinity for Cs+ than for Mn2+. The
Cs+ affinity at the high-affinity Mn2+ site is about 5 times
greater than its net affinity overall for inhibition of the yield
of activatable centers (KB in Figure 3 and Table 1). The
somewhat weaker concentration dependence for inhibition
of the yield of activatable centers has two origins. The yield
depends on all three rate constants. As seen in Figure 5, Cs+

not only inhibits by blocking the binding of Mn2+ in the
first step, but also weakly stimulatesk2, thereby accelerating
the rate-limiting dark conformational step (IM1 w IM2*)
which Ca2+ induces in the native system. There is a 20%
increase ink2 between 10 and 40µM Cs+ that is offset by
an equally small reduction in the rate of the back reaction
k-1, slowing the decay of the first intermediate (IM1 w apo-
WOC + Mn2+). The latter result was unexpected since Cs+

rebinding to the high-affinity Mn2+ site restores the initial
dark state and thus should displace Mn2+ and hence acceler-
atek-1. By contrast, divalent cations which bind more weakly
to the high-affinity Mn2+ site, like Ca2+ and Sr2+, accelerate
the decay of IM1 by displacing Mn2+ in a process that is
unimolecular in Ca2+ concentration (15). The absence of an
appreciable dependence ofk-1 on the concentration of Cs+

in Figure 5 indicates that the rate of decay of IM1 is not
controlled by the rate at which Cs+ displaces Mn2+, but rather
by a preceding step that is independent of Cs+ concentration.
Although the nature of this rate-limiting step remains
unresolved, there are two leading candidates: either the rate
of reduction of Mn3+ to Mn2+, or the rate of reprotonation
of IM1 [a proton is released in the light upon forming IM1

(12)]. These possibilities are shown in Scheme 2, where the
formation of IM1 is proposed to proceed in two steps: initial
binding of Mn2+

aq in competition with Cs+ to form [MnOH]+-
WOC with transfer of a proton to an endogenous base (B),
followed by photooxidation to form IM1.

The experiment reported in Figure 3 was repeated at
different concentrations of Ca2+ in the medium in order to

Table 2: Inhibitory Effect of Cs+ and Sr2+ on Photoactivation Yield
at Different Mn2+ and Ca2+ Concentrationsa

ion [Mn2+] (µM) [Ca2+] (mM) KB (µM)

Cs+ 8 8 30
Cs+ 16 8 61
Cs+ 8 2 21.5
Cs+ 8 80 54
Sr2+ 8 0 230 mM

a KB is the Michaelis constant for 50% inhibition of the yield of
photoactivation, measured from the dependence ofYss on Cs+ or Sr2+

concentration. The inhibition ofYssby Sr2+ was examined in the absence
of Ca2+, since Sr2+ exhibits an initial stimulatory region from 0 up to
40 mM Sr2+, followed by the inhibitory region above 40 mM Sr2+.
Standard assay medium was used, and the apo-WOC concentration was
1 µM.

FIGURE 5: Rate constantsk1, k-1, andk2 for recovery of O2-evolving
activity by photoactivation in spinach apo-WOC-PSII vs the
concentration of Cs+. Refer to Scheme 1 for definitions. Conditions
as in Figures 1 and 2 with 8µM MnCl2 and 8 mM CaCl2 and 1
µM apo-WOC-PSII. The inset shows the semilogarithmic plot of
the fraction of inactive centers versus pulse number calculated from
Figure 1C.

[CS]50% ) {1 +
[Mn]
KMn

}K1

KMn )
k-1

k1
[Mn]
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learn if the Cs+ binding affinity depends on either the
presence of Ca2+ in the medium or the Ca-induced confor-
mational change of the apo-WOC. We found only a weak
competition between Ca2+ and Cs+, about a 2-fold increase
in the amount of Cs+ required to cause 50% inhibition of
the photoactivation yield (Yss) between 2 and 80 mM Ca2+

(seeKB value in Table 2). These experiments show that the
conformational change of the WOC produced by the binding
of Ca2+ in stepk2 plays essentially no role in the binding of
Cs+. This result further supports the conclusion reached
above that Cs+ binds to the high-affinity Mn2+ site in the
apo-WOC protein, since this site (A) is known to bind ions
essentially independent of the Ca-induced conformational
change (stepB w C, Scheme 1).

Comparison of KB and K1 for DiValentVersus MonoValent
Cations.A plot of the logarithm of the apparent binding
constant for inhibition of O2 yield, logKB, vs the metal ionic
radius (25) is given in Figure 4A. This plot reveals that a
strong correlation exists between increasing ionic radius of
the alkali cations and increasing binding affinity. The lowest
affinity is found for the smallest monocation Li+ (0.68 Å),
while the largest affinity is found for Cs+ (1.67 Å; more
than 5000-fold greater affinity). Separate correlation curves
are drawn for the alkali metal monocations (Cs, Rb, K, Na,
Li) and for the divalent cations studied (Sr, Ca, Mn, Mg).
The dications exhibit a weaker trend opposite to the
monocations, with the larger Sr2+ ion binding the weakest
of the three (Table 1). Although Mn2+ is required for
photoactivation, excess Mn2+ nonspecifically inhibits O2
evolution like many other cations (10, 16, 26). Thus, in
Figure 4A we report the inhibition of photoactivation yield
(KB) by excess Mn2+.

KB is not a true equilibrium binding constant since it
measures the net affinity for inhibition of photoactivation
and so may reflect multiple binding sites. Hence, in Figure
4A we also compare the kinetically derived equilibrium
binding constants, plotted as log(1/K1), for binding to the
high-affinity Mn2+ site by Mn2+(activation) and by Ca2+,
Sr2+, and Cs+ (all inhibitors). These data indicate that Mn2+

binds 170 times stronger than Ca2+ and 3400 times stronger
than Sr2+, and that a minimum occurs for cation affinity at
a radius intermediate between Cs+ (1.67 Å) and Sr2+(1.13
Å).

Taken together the affinity data for mono- and divalent
cations (Table 1 and Figure 4A) reveal the following: (1)
there are opposite trends for binding these metal ions; larger
monovalent cations bind with increasing affinity, while
divalent ions larger than Mn2+ bind with decreasing affinity;
(2) there is a surprisingly large affinity for Cs+ comparable
to that for Mn2+; (3) small divalent cations bind more
strongly than monocations of comparable radius (Ca2+ and
Sr2+ vs Na+ and K+); (4) binding affinities for the divalent
cations to apo-WOC correlate with the binding constants for
formation of the metal hydroxides (Table 1 and eq 1):

This correlation is plotted in Figure 4B for the three divalent
cations for which quantitative measurements ofK1 were made
([MnOH]+, [CaOH]+, and [SrOH]+) Although only three
examples have been measured, the values forK1 andKhydrolysis

show a positive linear correlation over a considerable range
of 3 orders of magnitude. Because larger rather than smaller
alkali cations inhibit most effectively, and binding affinities
for divalent cations correlate withKhydrolysis, we propose that
the initial species that binds to apo-WOC is likely [MnOH]+.

Effect of Uranyl, UO2
2+, on Yss and t1/2. To test this idea

further, we investigated inhibition by the stable oxo-cation
uranyl, UO2

2+. The results given in Figure 6A,B reveal that
uranyl causes strong inhibition of the yield and increases
the half-time for photoactivation with a dissociation constant
of KB ) 15.3 µM. Therefore, uranyl must bind to a high-
affinity site located at or before the rate-limiting step. This
observation could be consistent with the blocking by UO2

2+

of the first or second step in photoactivation in Scheme 1.

Scheme 2: Proposed Intermediates and Mechanism of Cs+

Interaction with Apo-WOCa

a An intrinsic base (B) is omitted for clarity after the first step.

FIGURE 6: (A) Inhibition by the uranyl cation, UO22+, of photo-
activation yield in spinach apo-WOC-PSII at steady-state (Yss) and
(B) half-time. Experimental conditions as in Figures 1 and 2.

Me2+ + OH- w [MeOH]+ (1)
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Alternatively, UO2
2+ may accelerate the decay of IM1 (k-1)

which would produce the same effect on yield and half-time.
The behavior of UO22+ is very similar to the behavior of
Cs+ in Figure 3 (bottom panel).

Cs+ Blocks Mn2+-Dependent Electron Transport in Apo-
WOC.The photoactivation data in Figures 3-5 and Tables
1 and 2 suggest that Cs+ competes for binding to the high-
affinity Mn2+ site, siteA (Scheme 1). To more completely
test this conclusion, we examined the ability of Cs+ to inhibit
the light-induced electron donation by exogenous Mn2+ to
apo-WOC, using DCIP as a terminal electron acceptor:
Mn2+wapo-WOCwDCIP. This method enables a direct
assay of Mn2+ electron donation at both the high- and low-
affinity Mn2+ sites (17). The time dependence of the light-
induced optical absorbance change from DCIP was moni-
tored as a function of Cs+ concentration in the absence of
Ca2+. The initial rates extrapolated to zero time are plotted
in Figure 7A,B in the form of reciprocal velocity vs Cs+

concentration, so-called Dixon plot analysis (24). Kinetic
evidence for competition between Cs+ and Mn2+ binding
was established over a wide range of Cs+ concentrations from
analysis of such plots (data to be published). Representative
raw data (absorbance vs time) are given as Supporting
Information (Figures S1 and S2). The plots show that Cs+

inhibits Mn2+ photooxidation by apo-WOC at both high- and
low-affinity sites with inhibition constants ofK1

H ) 3 µM
andK1

L ) 27 mM, respectively, at Mn2+ concentrations of
5 and 100µM, respectively. The intrinsic inhibition constant
for Cs+ binding to the high-affinity site was determined from
these measurements to be 1/K1 ) 3.5 × 105 M-1 (in the
absence of Ca2+). This value differs by only a factor of 2
from the measured inhibition constant for Cs+ inhibition of
photoactivation yield (Table 1). The intrinsic binding con-
stants for Mn2+ at the high- and low-affinity sites that are
needed for this calculation were measured to be 5 and 300
µM, respectively, values very close to those reported by
Ghirardi et al. (17) using the same method.

We observed evidence that an unstable intermediate
photoaccumulates during these measurements which exhibits
a lower DCIP photoreduction rate, by examining the effect
of a subsequent dark incubation period prior to re-illumina-
tion. In the case of the low-affinity site, no further DCIP
photoreduction occurred, since almost all of the Mn2+ in the
medium (5µM) was consumed by the original illumination
(Figure S1). By contrast, the low-affinity site regained the
original rate of DCIP photoreduction after incubation for a
few seconds in the dark. The latter sample has 500µM Mn2+

which may accelerate the decay of the photoaccumulated
intermediate by restoring the original apo-WOC-PSII center.
The lifetime of this intermediate is extended by addition of
Ca2+ and leads to productive photoactivation of O2 evolution
(10, 26). Hence, the kinetics for the decrease in the DCIP
photoreduction rate appear to coincide with the kinetics for
formation of IM1 under comparable conditions, although no
quantitative kinetic comparisons were made.

We also examined whether Cs+ could inhibit light-induced
electron donation to apo-WOC-PSII by the highly efficient
reaction with diphenyl carbazide (17, 18): DPC w apo-
WOC-PSII w DCIP. DPC donates an electron directly to
the special redox-active tyrosine-161 (YZ) of the D1 protein
and only weakly interacts with the high-affinity Mn2+ site
(17). We observed less than 2% inhibition of this reaction
by 0.5 mM Cs+, a concentration that completely inhibits
electron donation from Mn2+ and photoactivation. Therefore,
inhibition of the latter two reactions by Cs+ must involve
inhibition of binding of Mn2+ to apo-WOC, since electron
donation directly to YZ+ by DPC is not affected.

Taken altogether, the photoactivation and electron donation
data form a self-consistent picture demonstrating that Cs+

blocks electron donation by Mn2+ at two sites in apo-WOC.
Also, since Ca2+ is not present in the electron donation assay,
inhibition by Cs+ of Mn2+ photooxidation occurs before the
calcium-induced conformational change at IM2 (Scheme 1).

It is interesting to speculate whether the low-affinity Mn2+

site probed by Cs+ inhibition of electron transport (Figure
7A,B) may actually be equivalent to the intrinsic calcium
site required for assembly of the{Mn4} core. This hypothesis
could be tested by examination of the Ca2+ concentration
dependence for inhibition of Mn2+-dependent photooxidation.
If true, this evidence would place the Ca2+ site within close
range to both the high-affinity Mn2+ site and YZ, a conclusion
that has already been suggested by EPR results demonstrating
the formation of a calcium-induced, spin-coupled Mn2(II,II)
site during photoactivation (14).

FIGURE 7: Dixon plot of the inverse of the initial rate of DCIP
photoreduction by apo-WOC-PSII in the presence of exogenous
Mn2+ as electron donor, plotted as a function of the concentration
of added CsCl. Rate measurements were made spectrophotometri-
cally in the standard photoactivation assay medium, except with
Mn2+ concentrations o: (A) 5µM and (B) 100 mM. The derived
inhibition constants for Cs+ at these Mn2+ concentrations are given
in the figure and were obtained from analysis of the Dixon plots
using the affinity constants for Mn2+ at the high- and low-affinity
sites (5 and 300µM, respectively) (17). All samples contain 0.2
µM apo-WOC-PSII and 100µM DCIP as electron acceptor.
Samples were incubated in the dark for 5 min before measurements.
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DISCUSSION

The strong inhibition of the yield of photoactivated centers
by Cs+ (Figures 3-5) and by the metal-oxo cation UO2

2+

(Figure 6) occurs at a site which becomes exposed only
following release of the tetramanganese cluster, since Cs+

(and UO2
2+) causes very little inhibition of the intact WOC

(Figure 2). The agreement of the measured inhibition constant
for Cs+ inhibition of photoactivation (6µM dissociation
constant) and Mn2+ electron donation (3µM), given in Table
1, reveals that Cs+ binds to the high-affinity Mn2+ site of
apo-WOC.

The proposed mechanism for inhibition by Cs+ and other
ions at the high affinity site (Scheme 2) may appear not to
explain the inhibition of recovery of the steady-state O2 yield
based on the expectation that photoactivation of the unin-
hibited apo-WOC is an irreversible process that leads to a
stable WOC with 100% recovery of activity. However,
photoactivated apo-WOC centers are lacking the three
extrinsic polypeptides (17, 23, and 33 kDa WOC proteins)
and possibly other smaller subunits essential for in vivo
stability, and thus are not indefinitely stable to disassembly
by reducing agents (reduced electron acceptors) or high
concentrations of ions, unlike the intact WOC complex. Cs+

may also inhibit steps following the rate-limiting step of
assembly that are not detected with the present method, and
thus not included in Scheme 2.

The affinity data in Figure 4A are intriguing. Why does
the affinity for the alkali metal cations increase as size
increases, even exceeding the Mn2+ affinity in the case of
Cs+? We believe that this is a true manifestation of the actual
size preference for cation binding to the high-affinity Mn2+

site, which is designed to bind an oxo-manganese cluster of
uncertain structure. We propose that Cs+ binds strongest to
the high-affinity Mn2+ site because its charge density (ion
radius 1.67 Å) matches better than any other cation found
to date at this site. Such a high affinity for Cs+ would make
sense if the high-affinity Mn2+ site is optimized for binding
the hydrolysis product [MnOH]+ rather than the aqua dication
Mn2+

aq (ion radius 0.80 Å). [MnOH]+ has the same charge
as Cs+ and comparable size, although distributed in the form
of a dipolar triatomic species. This interpretation also
provides a reasonable explanation for why Cs+ does not
appreciably accelerate the decay of IM1 (Figure 5), since
rebinding of a proton should then become rate-limiting for
decay of IM1 to form apo-WOC and Mn2+

aq (Scheme 3).
By contrast, more acidic dications such as Ca2+ actually
induce decay of IM1. The unimolecular rate constant for
decay of IM1 (k-1 in Scheme 1) exhibits a first-order
dependence on the calcium concentration (15), and is 4-fold
slower if the weaker Lewis acid Sr2+ replaces Ca2+ (Zalts-
man, Ananyev, and Dismukes, unpublished results). These
kinetic data suggest a Lewis acid role for the alkaline earth
ions to reprotonate [MnOH]+ upon displacement of Mn2+

by Ca2+. This proposal is also consistent with the pH
dependence of photoactivation yield and kinetics which
exhibit strong alkaline activation, previously ascribed to the
release of a proton prior to the rate-limiting step (10).

How could WOC-[MnOH]+ form in sufficient amount to
account for photoactivation? The equilibrium constant for
spontaneous formation of free [MnOH]+ by hydrolysis of
water is very small, 3.2× 10-11 (pKa ) 10.5); hence, there

would not be much present free in solution at the acidic-
neutral pH commonly found in the lumenal space of
thylakoids. However, formation of WOC-[MnOH]+ at the
high-affinity site of apo-WOC could be driven by two
factors: first, if there exists a basic residue that can serve as
proton acceptor during hydrolysis of Mn2+; and, second, if
the intrinsic binding affinity for [MnOH]+ is greater than
that for Mn2+. The intrinsic binding constant for binding of
[MnOH]+ to apo-WOC, independent of the dark proton
ionization step of Mn2+

aq, can be calculated from the
thermodynamic cycle given in the lower part of Scheme 3.
This calculation utilizes the known pKa of Mn2+

aq, and yields
a value of 4.0× 1015 M-1. Such a large affinity indicates
that the binding site for [MnOH]+ to apo-WOC is typical of
a preorganized polydentate chelate complex with multiple
donor atoms participating in coordination (27).

Also depicted in the upper part of Scheme 3 is a
hypothetical thermodynamic pathway involving hydrolysis
of Mn3+

aq to form [MnOH]2+, followed by binding to apo-
WOC to form the same transient intermediate that is
produced prior to IM1 during photoactivation. This pathway
has not been observed owing to the extreme oxidative
reactivity of uncomplexed Mn3+

aq. The idea summarized in
Scheme 3, that WOC-[MnOH]+ is the dark precursor
required for subsequent photoassembly intermediates, is also
supported by studies demonstrating strong binding by other
metal-oxo cations such as UO2

2+ to the high-affinity Mn2+

site (Figure 6). The uranyl cation is linear with an O-O
distance of 3.6 Å.

Further evidence supporting [MnOH]+ as an early inter-
mediate in formation of the WOC comes from several
sources. The intact Mn4Ca1Clx cluster of the WOC is believed
to contain oxo-bridges between Mn3+ and Mn4+ ions based
on Mn EXAFS studies (6), and these presumably form by
hydrolysis of water ligands during assembly. The pH
dependence of photoactivation reveals that alkaline condi-
tions greatly stimulate the rate of assembly; between pH 5.4
and 6.8 the rate increases linearly by 3-fold (10). Studies of
the dependence on the buffer capacity also show that a proton
is released following illumination upon formation of IM1
(11). Preliminary results using a H+-sensitive field effect
transistor to monitor proton evolution also support this result

Scheme 3: Energetics of Mn2+ Binding to the
High-Affinity Mn 2+ Binding Site and H+ Release during
Assembly of the WOC by Photoactivation
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(Ananyev, Mincer, and Dismukes, unpublished results). Last,
[MnOH]+ has been implicated as an intermediate in the
formation of high-valent multinuclear Mn-oxo complexes
(28, 29).

The minimum in cation affinity between Cs+ and Sr2+ in
Figure 4A suggests the possibility that natural selection
during biological evolution may have purposely designed the
high-affinity Mn2+ site so that its affinity for abundant
physiologically important cations such as Na+, K+, Mg2+,
and Ca2+ would be minimized relative to Mn2+. These
physiologically widespread cations are found in considerably
greater abundance in plants relative to Mn2+, a trace metal,
and would therefore effectively inhibit assembly of the WOC
if not discriminated against. Discrimination by compartmen-
tation or by binding site selectivity are conceivable methods.
We conclude that the sizes of Na+ and K+ are too small and
their charge distributions too symmetrical to permit them to
be effective inhibitors of apo-WOC in competition with
[MnOH]+. Ca2+ is also a relatively poor inhibitor of the high-
affinity Mn2+ site, about 200-fold weaker affinity than Mn2+

(Table 1). Free in solution, it is also a weaker Lewis acid by
about 100-fold vs Mn2+ and thus will be correspondingly
less capable of inducing proton ionization that is needed for
forming [CaOH]+, the proposed inhibitory species. Mg2+ is
reported to be a weaker Lewis acid than Mn2+, and should
therefore also be less capable of ionization to form [MgOH]+

(27). It would be useful to measure the effect of Mg2+ on
K1 to see if it too correlates with hydrolysis to [MgOH]+.
However, the speciation of Mg2+

aq into aggregates would
need to be accounted for (27).

The size preference for larger alkali cations at the high-
affinity Mn2+ site appears to be a consequence of nature
purposely designing the site to stabilize formation of Mn-
hydroxo and eventually Mn-oxo complexes, that could serve
as the bridging site to the next Mn2+ ion and possibly the
Ca2+ ion during assembly of the Mn4Ca1Clx core of the WOC
(Scheme 2). The cooperative uptake of 4.0 Mn2+ ions per
apo-WOC during photoactivation indicates that the affinity
of the second and subsequent Mn2+ ions increases relative
to the preceding ones. This increased affinity could be
explained by formation ofµ-oxo or µ-hydroxo bridges
between oxidized Mn ions, and by protein conformational
changes which increase Mn2+ binding affinity during as-
sembly.

Scheme 2 also provides a summary of the proposed
structure of the second light-induced intermediate IM2 (13,
14). This intermediate is known to contain two Mn3+ ions
and one Ca2+ based on the molecularity of the individual
photoactivation steps (15). IM2 is believed to form a spin-
coupled ligand-bridged dimanganese(III,III) complex based
on EPR evidence showing that it can be formed from a spin-
coupled dimanganese(II,II) precursor known to bind in the
dark to the apo-WOC protein following calcium-induced
folding (14). Calcium plays a crucial role in the binding of
the second Mn(II) ion and expression of inter-manganese
dipolar coupling, since only mononuclear (i.e., spin-
uncoupled) Mn(II) EPR signals could be detected in the
absence of calcium. On the basis of the data given herein
and elsewhere (14), we propose that the ligands that serve
to provide the spin-coupling interaction between the Mn(III)
ions in IM2 are likely to be deprotonated water ligands, in
the form ofµ-hydroxo orµ-oxo ions.

Finally, it is significant that Cs+ binds more strongly than
K+, Na+, and Li+ by factors of 2000, 2700, and 5000,
respectively (Table 1), indicating a higher selectivity for the
larger alkali metal cations than has been achieved with any
synthetic or biological chelator (30, 31). This high selectivity
suggests that apo-WOC-PSII may prove useful as a scavenger
of man-made radionuclides (134Cs and 137Cs) found as
environmental pollutants (for reviews, see ref32), or for
separation of radioactive134Cs and137Cs produced in nuclear
fuels from fission reactors, where discrimination against a
high background of Na+ and K+ is essential (33, 34).
Nature’s design of the high-affinity Mn2+ binding site of apo-
WOC-PSII could serve as a prototype for synthesis of new
Cs+-specific chelators.

In preliminary independent experiments it has been found
that Cs+ binding to apo-WOC-PSII in competition with Mn2+

can also be observed by detection of binding of radioactive
137Cs+ (preliminary results obtained by J. Mincer, K. Nash,
and M. Jensen in Argonne National Laboratory).
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