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Quantifying the lon Selectivity of the Ga Site in Photosystem Il: Evidence for
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ABSTRACT. Calcium is an essential cofactor in the oxygen-evolving complex (OEC) of photosystem I
(PSII). The removal of Cd or its substitution by any metal ion exceptSinhibits oxygen evolution.
We used steady-state enzyme kinetics to measure the ratessolition in PSII samples treated with an

extensive series of mono-, di-, and trivalent metal

ions in order to determine the basis for the affinity of

metal ions for the Ca-binding site. Our results show that theC#inding site in PSII behaves very
similarly to the Ca"-binding sites in other proteins, and we discuss the implications this has for the
structure of the site in PSII. Activity measurements as a function of time show that the binding site
achieves equilibriumni 4 h for all of the PSII samples investigated. The binding affinities of the metal
ions are modulated by the 17 and 23 kDa extrinsic polypeptides; their removal decreases the free energy
of binding of the metal ions by 2.5 kcal/mol, but does not significantly change the time required to reach
equilibrium. Monovalent ions are effectively excluded from thé'Gainding site, exhibiting no inhibition

of O, evolution. Di- and trivalent metal ions with ionic radii similar to that of2€40.99 A) bind
competitively with C&" and have the highest binding affinity, while smaller metal ions bind more weakly
and much larger ones do not bind competitively. This is consistent with a size-selectivbi@ding site

that has a rigid array of coordinating ligands. Despite the large number of metal ions that competitively
replace C&" in the OEC, only St" is capable of partially restoring activity. Comparing the physical
characteristics of the metal ions studied, we identify tKe @f the aqua ion as the factor that determines
the functional competence of the metal ion. This suggests thati€airectly involved in the chemistry

of water oxidation and is not only a structural cofactor in the OEC. We propose that the rolé*asCa

to act as a Lewis acid, binding a substrate water molecule and tuning its reactivity.

The light-driven oxidation of water is catalyzed by
photosystem Il (PSIhat the OEC, which consists of a Mn
cluster, Yz, and CI and C&" cofactors. Upon absorption

Cat is required for water oxidatiorb( 6); its depletion
from PSII results in inhibition of the S-state cycl@, (8).
The requirement for Ga and the involvement of the 17 and

of a photon, the reaction center Chl, P680, donates an23 kDa extrinsic polypeptides in binding €awere shown

electron to a membrane-bound quinong, B680" is reduced
by Yz, which in turn oxidizes the Mncluster. The Mg
cluster is oxidized through a series of five,'States’ ( =
0—4), where g is the most reduced state. Upon formation
of the S state, the Mpcluster is reduced by four electrons
to S by oxidizing HO to O, and four protons [for reviews,
see (—4)].
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1 Abbreviations: Chl, chlorophyll; Ca-Ex-depleted PSII, PSII
depleted of C& and the 17 and 23 kDa extrinsic polypeptides; DCBQ,
2,5-dichlorop-benzoquinone; EDTA, ethylenediaminetetraacetatic acid,;
EXAFS, extended X-ray absorption fine structure; MESN2rfor-
pholino)ethanesulfonic acid; Mncluster, oxo-bridged tetranuclear

by washing PSIl samples with-2 M NaCl 9—11). This
treatment removes the 17 and 23 kDa extrinsic polypeptides
and causes Cato be released from the protein. Activity
can be restored to NaCl-treated PSII by rebinding the 17
and 23 kDa extrinsic polypeptides in the presence of low
concentrations of Ca or by incubating the sample with
millimolar concentrations of Ca for extended periods of
time. That the extrinsic polypeptides need to be removed in
order for C&" to be released, but are not required for the
restoration of activity, led to the proposal that the extrinsic
polypeptides serve as a diffusion barrier, sequesterirfg) Ca
within the protein and preventing it from equilibrating with
Ca&" in the bulk medium g).

Many techniques have been applied to study the number
of Ca*-binding sites in PSII and their affinities, including
steady-state activity measurement®)( atomic absorption
(13), scintillation counting using®C&* (14), and equilibrium

manganese cluster; OEC, oxygen-evolving complex; PSII, photosystemmeasurements employing a aensitive electrodelf).

II; PSII membranes, photosystem Il membranes which contain the 17
and 23 kDa extrinsic polypeptides; S, substrate cation which supports

water oxidationy, reaction velocity v, maximum reaction velocity;
Yz, redox-active tyrosine-161 of the D1 polypeptide.

One difficulty with interpreting the results obtained by all
but the last method is that the measurements éf Gading
are not made at equilibrium, as these methods require the
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samples to be washed of free®Car are performed in the

Vrettos et al.

It was found that cation-binding sites which bind ¥Mgthe

steady-state. Nonetheless, there is general agreement that host abundant physiological divalent metal, are charge-

C&"/PSll is required for water oxidation and this €ds
tightly bound Kp ~ uM).

Investigating the structure of the €asite and its protein
environment has proven to be difficult. Results from EXAFS
indicate that C& may be quite close to the Mrtluster,
and Mn—Ca distances of 3.3 ALg, 17 and 4.2 A (8) have

selective, excluding monovalent cations and relying on the
relatively high concentration of Mg in vivo to discriminate

it from other divalent cations3@). On the other hand, C&
binding sites also exclude monovalent cations but are size-
selective, discriminating Cafrom other divalent metal ions
based on their ionic radiB@, 35. Charge-selective sites have

been reported. The latter distance is consistent with aflexible coordination arrays and can accept cations of various

carboxylato or halide bridge between Mn anc?CélL, 18).

sizes equally well, while size-selective sites have rigid ligand

Such a structure is supported by Fourier transform infrared environments that optimally fit cations of a fixed radius.

absorption data that compare native and'@ax-depleted
PSII (19), but this result is dispute@(). It has been shown
that C&" binding is competitive with many metal ions,
including lanthanides2(l, 22 and divalent cations such as
CcPt (23) and St (6), the only metal ion which functionally
replaces C# . EPR studies of Ca-Ex-depleted, lanthanide-
substituted PSII show that thg-SS, transition is blocked
(21, 24 and that the electron transfer from, Yo P680 is
affected 5). A recent 1®C?" NMR study of Cd*-
substituted PSII yielded results which suggest that thé Ca
site is composed of a symmetric array of ligands including

Therefore, data on the affinities of a series of cations with

varied charges and ionic radii can provide information on

the nature of the binding site. In both types of binding sites,

monovalent cations have an insufficient positive charge to
overcome the net negative charge-density of the coordinating
array of ligands. The resulting electrostatic repulsion between
the ligands does not allow them to come together to form a
binding site, and so monovalent cations bind only very

weakly (Kp > 1 M) to divalent cation-binding sites.

Following this methodology, we have examined the
inhibition of oxygen evolution by a series of metal ions that

oxygen and chlorine or nitrogen atoms and may be close tocompete for the Cd-binding site in PSII. Using steady-

the Mny, cluster @6). lllumination of C&™-Ex-depleted PSI|

state enzyme kinetics, we have determinedKhefor the

in the absence of competing metal ions allows the S-statemetal jons, which include mono-, di-, and trivalent cations

cycle to advance to an intermediate step wherésYxidized
with the My cluster in the gstate ¢, 8, 27. These results
suggest that Cd is intimately involved in water oxidation,
possibly by participating in the organization of a hydrogen-
bonding network in the OEC in all S states and binding one
of the substrate water molecules necessary fdio@nation

(1, 28.

To date, C&" has usually been implicated in maintaining
the structure of the OEC by stabilizing the Mcluster or
organizing the local ligand environment [reviewed #)](
However, what has been shown befoB®)(and what we
extend in this paper is that many multivalent metal ions bind
competitively with C&". Several of these metals can replace
C&" in other proteins with no structural perturbatio® (
31), yet in PSIl only St' yields a functional active site. One
might expect that if the role of Ca were solely structural
then more metal ions with structural properties similar to
Ca&" would at least partially restore activity; this is not the

over a large range of ionic radii. The results show that the
C&*-binding site is highly size-selective. We discuss the
implications for the structure of the site and consider why
only C&" and Sf* support oxygen evolution by the OEC.

EXPERIMENTAL PROCEDURES

Protein PreparationsPSll-enriched membrane fragments
were isolated from market spinach as described by Berthold
et al. 36) with the modifications of Beck et al.3}) and
were stored in buffer containing 20 mM MES (pH 6.0), 15
mM NaCl, and 30% ethylene glycol. All preparations were
performed in the dark. The PSII membrane samples were
depleted of C& and the 17 and 23 kDa extrinsic polypep-
tides according to the procedure of Kalosaka et18) (ith
the following additional step: after treating the PSII mem-
branes with the calcium ionophore A23187 (2M) in a
buffer containing 40 mM MES (pH 5.0), 1.5 M NacCl, and

case. Lately, proposals have been put forth which progress1 mM EGTA, the sample was pelleted and resuspended in
the role of C&" in water oxidation from a purely structural this buffer without any ionophore, then repelleted, and the
cofactor to binding a substrate water molecule involved in rest of the procedure was carried out without modification.
nucleophilic attack on a terminal Mn(¥)O speciesq, 28). This additional step yielded €aEx-depleted samples that
However, this proposal alone does not explain why other had lower residual activity and could regain activity to the
metal ions which could also bind a substrate water molecule same degree as samples not treated in this way. Results for
do not support activity. In this paper, we quantify the binding the metal ion inhibition assays were indistinguishable
of a series of mono-, di-, and trivalent metal ions to thé'Ca  between C&-Ex-depleted PSII prepared with and without
site in PSII in order to understand how metal ions bind to this additional low-pH treatment. Depletion of the 17 and
the C&" site and why only C& and S?* support oxygen 23 kDa extrinsic polypeptides was confirmed by SBS
evolution. This series significantly extends the number of PAGE using the method of Chua8) with the modifications
cations for which detailed enzyme kinetic data have been of Ikeuchi et al. 89) on a 12.5% (w/v) acrylamide resolving
obtained. These data enable new insights to be drawn ongel. The gel was stained with Coomassie Blue R-250, and
the nature of the CGa-binding site and the role of Cain densitometry scans were obtained with a Bio-Rad Scanning
water oxidation. Densitometer (model 1650). Typically, €aEx-depleted

Falke et al. have used the competitive binding of metal PSIl samples retained less than 5% of the 17 and 23 kDa
ions to divalent cation-binding sites to determine the basis polypeptides and greater than 95% of the 33 kDa extrinsic
of cation selectivity of the sitesize vs chargeand to polypeptide. Chl concentration assays were performed using
measure the rigidity of the coordinating array of ligan8)( the method of Arnon40).
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Activity Measurement€,-evolution activities were mea-
sured with a Clark-type electrode at 26 using an Oriel
1000 W (model 66187) tungsten lamp fitted with a water
filter (Oriel 6123), a 610 nm cutoff filter (Oriel LP610), and
a heat filter (Schott KG5). All samples were allowed to
equilibrate at room temperature for-+20 min before being
assayed. Typical £evolution rates were 468600 mol of
0O, (mg of Chly* h™! for native PSII membranes in buffer
containing 20 mM MES (pH 6.0), 15 mM NaCl, 20 mM
CaCl, 250uM DCBQ, and 1 mM KkFe(CN). For assays
without C&*, 40 mM N(CH;),Cl was used to maintain a
constant [Ci] in the absence of Ca (41). After a 4 h
incubation in the dark at 4C, typical rates of @evolution
for Cat-Ex-depleted PSIlI samples were-50% of the
activity for PSIl membranes and could be reconstituted to
80—90% of native activity after the addition of 20 mM
CacCl, followed by anothe4 h incubation. To measure the
time required for a Ca-containing, Ex-depleted PSII sample
to equilibrate with a buffer lacking C&, PSIl membranes
were depleted of Ca and the 17 and 23 kDa extrinsic

polypeptides as described above. This sample was incubated

in a buffer containing 20 mM MES (pH 6.0), 15 mM NacCl,
30% ethylene glycol, and 10 mM Cagit a [Chl]= 1 mg/
mL. After 12 h, the sample was diluted 133-fold inte-O
assay buffer lacking Ca (described above), and activity
measurements were done over time.

Preparation of Inhibitor-Treated Sample<a&"-Ex-
depleted PSIl samples for inhibition assays with di- and
trivalent metal ions were prepared in a buffer containing 20
mM MES (pH 6.0), 15 mM NacCl, 25&M DCBQ, and 1
mM KzFe(CN) to which were added C& and the metal
ion inhibitor from stock solutions of their chloride salts.
Samples for inhibition assays with monovalent cations were
prepared by omitting NaCl from the buffer described above
and adjusting the pH with triethylamine rather than NaOH.
Control assays with Ca-Ex-depleted PSII in Gd-contain-
ing buffer (as described above) demonstrated that triethyl-
amine has no effect on£&volution. The [CI] was adjusted
with N(CH3)4Cl for all samples. Samples were incubated in
the dark at 4°C for at leas 4 h and equilibrated at room
temperature for 1520 min before performing the assays.
All samples were incubated at concentrations appropriate for
oxygen assays, so no dilutions were required prior to
conducting the assays.

Measurement of i and Calculation of Free Energy of
Binding. The type of inhibition displayed by each metal ion
was determined by double-reciprocal (activitys [C&"] 1)
and Dixon (activity* vs [I]) plots. Kp for inhibiting cations
was determined from the Dixon plots by a global linear least-
squares fit of the data, constrained to intersect at a pdint.
for the activating cations Ca and S#" was measured by
fitting a plot of activity vs [S] to the MichaelisMenten
equation:

v [S]

Ve Ko+ [S] )
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FiGure 1: Time-course of equilibrium for inhibition and reconstitu-
tion of activity. (A) The inhibition of native (filled squares) and
Ca"™-Ex-depleted (open circles) PSIl membranes incubated with 4
mM C&* and 0.3 mM G&" shows that equilibrium is reached after
about 4 h. This is mirrored by the reconstitution of a?GEx-
depleted PSIl sample inhibited by treatment with 0.3 mMGd

the presence of 2 mM Ga This sample was incubated for 4 h,
after which the C& concentration was increased to 8 mM by the
addition of C&" from a concentrated stock solution, and then
activity measurements were conducted over time (open triangles).
(B) Loss of C&" from C&*"-containing Ex-depleted PSII (open
diamonds) also requires more thé h toreach equilibrium. A C&-
Ex-depleted sample was treated with 10 mM¢Cfor 12 h and
then diluted into C& -free buffer before taking activity measure-
ments. Buffer conditions and sample preparations are described in
the text. Error bars represent one standard deviation from the
average of at least three trials.

energy of binding of the metal ions is defined to be

AGg =RTInKp )

as in Falke et al.33). As these authors point out, using molar
concentrations rather than activities makes only a small
difference in the calculated free energy.

RESULTS

Time-Course of Equilibrium and Reconstitution of Aityi
To determine the length of incubation time required for a
sample to reach equilibrium with the added metal ions, we
measured the activity as a function of time at a constant
inhibitor concentration (Figure 1A). All samples were
prepared and incubated under the conditions required for the

Standard deviations were calculated by plotting the goodness-oxygen assays, so no sample dilutions or sudden changes of

of-fit of the least-squares fits as a function K (ranging
from 0.5 to 1.5 times the optim#lp) and fitting the resulting
curve to a Gaussian; the full width at half-maximum of the

the concentrations of any of the constituents were required.
Both PSII membranes and €aEx-depleted PSII membranes
treated with 0.3 mM G and 4 mM C&" took 4 h toreach

Gaussian is reported as the standard deviation. The freeequilibrium. The same amount of time was required for an
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Table 1: Inhibition Constants and Free Energy of Binding for Metal
lon Inhibitors of PSII *
radius pK.aquo T 2 B
metalion  (A)2 ion® Kp (uM)° AGg (kcal/moly =
200
Mg?*" 0.66 11.41 284@- 195 —2.11+0.14 g
Ni%* 0.69 9.86 169G 194 —2.42+ 0.2 s" %
Cuwt 0.72 8.00 932t 65.6! —2.77+0.19 3 180+
Co*t 0.72 9.85 111G 75.5 —2.66+0.18' E
C+ 0.97 9.00 144+ 16.0 —3.87+0.43 S 1604
Cca* 0.99 12.80 69.2- 6.61 —4.31+0.41 z
St 1.12 13.18 172 9.49 —3.77+£0.21 «E
Ba* 1.34 13.36 NE 0 = Mg
Lust 0.85 7.94 560k 42.3 *
(82.1+ 17.5) 120 —
Dy3+ 0.91 8.10 118:9.15  —3.994+0.31 1 2 3 4 5 6 7 8 9
(72.0+6.81) (-5.65+0.53) [Ca”] (mM)
GB* 0.92 9.78 111#8.91 —4.03+ 0.33 o L. o
(79.5+ 8.52)  (~5.59+ 0.60) FiGUrRE 2: Reconstitution of activity in an inhibited CaEx-
PR+ 1.01 8.91 83.8- 8.26 —4.19+ 041 depleted PSIl sample. Open squares: Activities of three separate
(27.2+£2.86) (~6.22+ 0.66) Ca™-Ex-depleted PSII samples incubated foh in thepresence
La3t 1.02 8.82 67.2- 5.86 —4.33+0.38 of 0.25 mM Dyt and 2, 4, and 8 mM Ca. Filled circles:
(28.7+5.86) (~6.19+ 1.26) Reconstitution of activity of a single €aEx-depleted PSIl sample
Na* 0.97 1477 >1M initially incubated fo 4 h with 0.25 mM Dy* and 2 mM Ca&".
K+ 1.33 16 NE The [C&"] of this sample was increased stepwise to 4 and 8 mM
Cst 1.67 >17 NE C&" by the addition of C& from a concentrated stock solution.

Samples were incubated rf@t h at each of the higher Ca
concentrations before the activity assays were done. Error bars
represent one standard deviation from the average of at least three
trials.

2 Data from ref 61). ® Data from ref 62). ¢ The entries are for Ca-
Ex-depleted PSII; numbers in parentheses are for PSII membranes
4 Small contribution from mixed inhibitiort Mixed inhibition. f NC:
noncompetitived NE: no effect.

the dissociation rate constant for&drom Figure 1B yield
inhibited sample to regain activity. To demonstrate this, a an association rate constant of 3Ms L.

Ca*-Ex-depleted PSII sample was treated with 0.3 mM'Gd Our results are somewhat contrary to those obtained by

and 2 mM C&" and incubated for 4 h, after whichthe € ono @2), who found that inhibition of C& binding by other
was increased to 8 mM by the addition of ZCdrom a metal ions was mixed-competitive and yielded very different
concentrated stock solution. The subsequent increase o¥glyes ofK;, for a given metal ion to those we have obtained.
activity reached a constant value in 4 h. The requirement However, in that study the sample was allowed to incubate
for a minimum 4 h incubation of the Sample in the presence jn the presence of G&a and the inhibitor for on|y 1 min,

of C&* and the inhibitor is in agreement with results obtained gnd based on our results, it is unlikely that these samples
for C&* binding measured by scintillation counting®Ce* were at equilibrium before the activity measurements were
(14). It was shown in that report that several hours are performed. Our results are in better agreement with studies
required for C&" to be incorporated into C&Ex-depleted  that found that lanthanides do bind at the?Ghinding site
PSII under conditions similar to the ones we employed. We in a purely competitive mannegJ).

found that samples incubated lessrtieh yielded values of It is important to confirm that the inhibition of oxygen
Ko that increased as the incubation time was decreasedgo|ution by metal ions is reversible and not caused by

Furthermore, the type of inhibition in these samples appearedjamage to the protein. This was demonstrated by comparing
to be mixed-competitive in cases where it was found to be {he reconstitution of activity of an inhibited sample, to which

pure-competitive aftea 4 hincubation. Ca*t was titrated back in, with the activities of different
To measure the equilibration of a €acontaining, Ex- samples inhibited at fixed [G4]. The results are shown in
depleted PSIl sample with a buffer lacking?€aa C&*- Figure 2. The open squares are the activities of three separate

Ex-depleted PSII sample was treated with 10 mM*Clar samples of C&-Ex-depleted PSII incubated with 0.25 mM
12 h. This sample was then diluted 133-fold into a buffer Dy3' in the presence of 2, 4, and 8 mM €aThe filled
that lacked C#, and the activity was measured over time. circles are the activities of a single sample of>CGEx-
Again, it took more tha 4 h for the activity to decrease to depleted PSII treated with 0.25 mM Byinitially incubated

a constant value (Figure 1B). This means that, even in thewith 2 mM C&". The [C&"] was subsequently increased to
absence of the 17 and 23 kDa extrinsic polypeptided; Ca 4 mM and then 8 mM, and the activities were measured after
is slow to dissociate from its binding site. Note that the final 4 h incubation in each case. That the activity of this sample
[Ca&™] in the sample is approximately equal to tKg of increased to match those incubated at the higher fixe#f[Ca
Cat (Table 1), and so it would be expected that at indicates that the inhibition is reversible under these condi-
equilibrium approximately 50% of the €abinding sites tions.

should be occupied. This is confirmed by the observation Binding of Metal lons to the Ca Site. The binding
that the activity reaches a constant value whick %% of affinities of metal ions to the Ca site were determined either
the initial activity. On the other hand, &aEx-depleted PSiI| by steady-state inhibition assays for metal ions that inhibit
regains activity quickly when assayed with high concentra- oxygen evolution or by titrations for metal ions which support
tions of C&", which means that the association rate of'Ca  activity. The results are summarized in Table 1. A typical
must be fast. Using values Kf, from Table 1 and estimating  example of the inhibition displayed by the di- and trivalent
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Ficure 3: Representative double-reciprocal plot of activitys
[Ca?*]~1 for the inhibition of C&"-Ex-depleted PSII by 0.25 mM
(open triangles), 0.5 mM (open diamonds), 0.75 mM (open squares),
and 1 mM (open circles) By. Error bars represent one standard
deviation from the average of at least three trials.
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FiIGURE 4: (A) Representative Dixon plot of activity vs [I] for
Ca"-Ex-depleted PSII treated with 2 mM (filled squares), 4 mM
(closed diamonds), and 8 mM (closed triangles}'Ga competition
with Dy3*. (B) Plot of the slopes of the lines from the Dixon plot
vs [C&']~L Error bars represent one standard deviation from the
average of at least three trials.

metals is illustrated by the double-reciprocal plot in Figure
3. Shown is the competition between?Cand Dy"; the
lines of best fit obtained by the global linear least-squares
fitting intersect on the ordinate axis, indicating that the
inhibition is competitive. This is confirmed by the Dixon
plot shown in Figure 4. The lines of best fit intersect at a
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Ficure 5: (A) Kp of the metal ions vs their ionic radius for PSII
membranes treated with trivalent metals (closed squares) el Ca
Ex-depleted PSII treated with divalent (open circles) and trivalent
(open squares) metals. Baa noncompetitive inhibitor which does
not bind to the C# site, is indicated to illustrate the upper limit

of the binding-site size. (B) The free energy of binding3g, as a
function of the ionic radius of the metals (symbols as above). The
dashed line indicates that there is insufficient data to adequately
describe the binding curve at radii larger than the optimum cavity
size because metal ions with these radii are not available. Error
bars represent one standard deviation from the average of at least
three trials.

monovalent cations are excluded from theGhinding site
based on charge rather than size. It is important that divalent
cation-binding sites in proteins have evolved to exclude
monovalent cations, as physiological concentrations of
monovalent metal ions are usually much greater than those
of divalent metal ions. Our results are in disagreement with
those obtained by Waggoner et adl), who found that
monovalent metal ions are weak inhibitors offChinding.
Although the conditions under which the samples were
prepared for the inhibition studies, e.g., incubation time or
sample dilutions, are not stated explicitly, we suspect that
these or similar differences in protocol may account for the
discrepancy between our findings.

Di- and trivalent metal ions smaller than the radius of'Ba
(1.34 A) but larger than L% (0.85 A) were pure competitive
inhibitors. Those smaller than Euhad a small component

point in the second quadrant, and a plot of the slopes of theseof mixed inhibition in C&"-Ex-depleted PSIlI samples,

lines vs [C&']! passes through the origin, indicative of
competitive inhibition 42).

Monovalent metal ions were found to have very little or
no effect on @ evolution, even at very high (molar)
concentrations. Nlahas an ionic radius that is very close to
that of C&", yet it is not an inhibitor, indicating that

determined from the axis intercepts of the binding curves in
the double-reciprocal and Dixon plots. Figure 5A depicts the
measureKp as a function of the ionic radii of the metal
ions. TheKp reaches a minimum value near the ionic radius
of Cat. This size-selectivity is better illustrated in Figure
5B, which showsAGg as a function of the ionic radii of the
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metal ions. Here, the turning point of the potential well for
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In EF-hand-like sites, it is possible to discriminate between

the C&"-Ex-depleted PSIl samples more clearly defines the the binding curves of di- and trivalent catior&2). Trivalent

optimal radius of the binding cavity. While for EF-hand-
like Ca*-binding sites it is possible to discern the slightly
more favorableAGg of trivalent metal ions over divalent

cations bind more tightly in EF-hand-like sites because they
can more completely neutralize the negative charge-density
of the ligand array. Structural differences between EF-hand

ones (due to more complete neutralization of the negative sites and the OEC may explain why such discrimination is

charge density of the ligand arrayd4), this difference was
not observed for the Ca-binding site in PSII. Nonetheless,
the C&" site in PSIl behaves very similarly to &abinding
sites of other proteins.

Effect of the 17 and 23 kDa Extrinsic Polypeptides on
AGg. Also investigated was the difference AGg between
native and C#&-Ex-depleted PSII membranes. For PSII

not observed in PSII. In EF-hand sites, the metal ion binding
cavity is buried in a hydrophobic protein interior around
which no other ions or water molecules bind. The ligand
array and the charge of the metal ion are the primary factors
that govermAGg for a given metal ion. However, the protein
environment of the OEC contains water and other ions
besides CH. The reorganization of water dipoles and the

membranes, it was only possible to collect data for metal presence of charges originating from the other cofactors could

ions with radii larger than that of 134 (0.85 A). Smaller
metal ions had a large contribution from mixed inhibition,

influence the charge density of the Tainding site such
that di- and trivalent ions bind with similar affinity. Also, it

reflected by an intersection of the curves in a double- is possible that the trivalent metal ions, which are strong
reciprocal plot off of the ordinate axis and a nonzero intercept Lewis acids, bind with a OHligand, and so have a net2

in a plot of the slopes of the Dixon plots versus {ga?
(see Figures 3 and 4). Therefore, the data foPMdNi*",
Cw?*, and C8* inhibition of PSIl membranes could not be

charge upon binding.
The bottom of the potential well, which defines the optimal
size of the metal ion, is not as sharp for the?Ghinding

equitably included with the rest of the data. We postulate site in PSIl as it is in EF-hand site83). This suggests that

that the origin of the mixed inhibition in PSIl samples

there is some small amount of fluxional freedom in the

containing the 17 and 23 kDa polypeptides may be due to binding cavity for metal ions near the optimal size. EF-hand

C&" binding in low-affinity C&" sites provided by these
proteins. A comparison of the data in Figure 5 for native

sites have their coordination environments completely com-
prised of amino acid side chains which are packed tightly to

and C&-Ex-depleted PSII membranes shows that the form the ligand array. However, in PSll it is likely that the
presence of the 17 and 23 kDa extrinsic polypeptides Ca* ion is coordinated by at least one water molecd# .

enhances\Gg of the metals by about 2.5 kcal/mol, inde-
pendent of the metal ion.

DISCUSSION

The C&*-binding site in PSII generally behaves like many
C&'-binding sites in other protein838, 34, 45. Two main
factors determine the selectivity of the ainding site in

The mobility of a ligand such as water, which is exchange-
able, possibly flexible because its orientation is not dictated
by the protein backbone, and is not sterically bulky, would
allow the C&" site in PSII to be slightly less rigid than those
found in EF-hand proteins. Indeed, the great&g of EF-
hand sites compared to PSII suggests tBB.(

The steepness of the potential well at radii greater than

PSII: the size of the binding cavity and the negative charge the optimal radius defines the constraining force of the

density of the ligand array. The latter functions to exclude

binding cavity, or the amount of work required to expand

monovalent metal ions from the site. The mechanism for the cavity beyond its optimal size. The upper limit of the
this discrimination is thought to be the electrostatic repulsion well in the large ion limit was defined to be the ionic radius
among the negatively charged carboxylate oxygens thatof Ba?", which is a noncompetitive inhibitor and so does

typically comprise the coordinating array for €ebinding
sites 32). Monovalent cations are insufficiently charged to

not bind in the C&" site (AGg = 0). (It was not possible to
include more data points in the large ion limit due to the

overcome the negative charge density of the coordination lack of stable di- and trivalent metal ions in that size range,
sphere, and so the binding site does not attain a stable, closelgo the upper limit may actually be smaller than the ionic
packed cavity. Such selectivity is demonstrated by complexesradius of B&".) The typical constraining force arising from

of small organic ligands such as EDTA which binds
monovalent ions much more weakly than di- and trivalent
metal ions 43).

packing forces in the interior of a protein is less than 1 kcal
mol-* A-1 (45); the constraining force of the €abinding
site in PSIl is 17 kcal mott A~1, similar to that measured

With monovalents thus excluded from the binding site, for EF-hand-like sites32). Hence, the binding site will not
the protein must discriminate among the available multivalent easily deform. This prevents the negatively charged ligand
cations. This is achieved by size-selectivity, as illustrated in array from expanding, which would allow larger ions to

Figure 5. A deep potential well in the plot &Gg versus

occupy the site. The site is therefore highly optimized to

radius indicates strong size-selectivity, while sites that are bind metal ions of a particular size.

flexible exhibit a shallow or flat trend3@). The divalent
cation with the most favorabl&Gg is C&", which lies very

The potential well is less steep for ions smaller than the
optimal radius, but there is still a 2-fold difference in the

near the bottom of the potential well. All other divalent free energy of binding between the least and most tightly
cations bind less tightly as their size deviates from that of binding metals. While smaller ions such as¥gre capable

Ca&*". Trivalent metals ions with ionic radii comparable to
that of C&" bind equally as well, or better, than €a

of fitting in the binding cavity, their small size does not allow
optimal coordination between the metal ion and the coor-

however, as trivalent cations are scarce in vivo, the binding dinating ligands. In these cases, the hydration shell of the
site would not need to have developed such a rigid array assolvated ion provides a superior coordination environment

to exclude them.

(33, 35. Figure 6 shows the free energy of binding as a
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-1 activities can be attributed to €aloss during the course of
the sample preparation, typically done in buffers which lack
C&", and not because the removal of the extrinsic polypep-
tides has allowed C& to dissociate quickly. Furthermore,
the observation that a €arequirement is not normally
4] @ observed in PSIl membrane samples unless the 17 and 23
kDa polypeptides are depleted can be explained by the
change in the site affinity relative to typical background
% levels of C&". These background concentrations are in the
low micromolar range based on residual*Can buffer

-7 reagents, which is of the same magnitude as the valég of

- for C&* in PSIl membranes but less than that fo?Cin

s 20 s 30 3's 40 Ex-depleted PSII membranes. The slow release &f €am

PSII agrees with the behavior shown by the sort of'€a

Ficure 6: Dependence of binding free energy on the charge-to- binding proteins that PSII resembles, such as EF-hand-type

. S S
radius ratio, an indirect measure of the dehydration free energy ofSltes (3_2)' ce bmd”_]g in these proteins IS unc_Jer thermo-
the metal ions, for PSIl membranes treated with trivalent metals dynamic control by sites that are slow to dissociate the metal

(closed squares) and €aEx-depleted PSII treated with divalent ion. This is in contrast to Ca-binding sites in C#-signaling
(open circles) and trivalent (open squares) metals. The binding freeproteins, which are kinetically controlled to equilibrate with

energy follows the same trend within each series; the metal ions ¢, Ik medium auickl I | n ; ;
with the smallesg/r are the easiest to dehydrate and so ContribUteQI:heaE;e edium quickly as local €aconcentrations rapidly

more to the binding free energy. Error bars represent one standar . . o )
deviation from the average of at least three trials. Overall, the affinity of cations for the Cabinding site

in PSII is very similar to those found in other proteir® (

function of the charge-to-radius ratio, a measure of the 32). The site utilizes a high negative charge density to
dehydration free energy for a metal iof6]. Metal ions with exclude monovalent cations from binding. The ligand sphere
small ionic radii are more difficult to dehydrate than large is quite rigid and discriminates among multivalent metal ions
metal ions. Within each series of metal ions for a given PSII based on their ionic radius, with the optimal radius being
sample,AGg improves asZ/r decreases, i.e., as the ionic that of C&* (0.99 A). By analogy to other C&-binding
radius increases. Therefore, it is energetically more favorableproteins, this suggests that the 2Gainding site in PSII
for small metal ions to remain hydrated than to bind to the consists of an ordered closely packed array of mostly
protein. carboxylate oxygen ligands. The coordination geometry is

Comparing the results for native and <&x-depleted likely to be pentagonatbipyramidal, possibly with one or
PSIl membranes in Figure 5 shows that the presence of thetwo water ligands (or another Lewis base) in place of protein
17 and 23 kDa extrinsic polypeptides improveSg by 2.5 residues, as is commonly the case irfChainding proteins
kcal/mol. Similar effects are observed in othePGhinding (3D.
proteins, as well. For example, it has been shown that Considering the large number of metal ions that will
calmodulin undergoes conformational changes when com-compete for the Cd-binding site in PSII, it is surprising
plexed with target polypeptides that change the affinity for that only C&" and S#t support Q evolution. For example,
Ca*t (47). The changes iM\Gg measured for calmodulin  C®* (0.97 A) is almost the same size as?C40.99 A),
binding to a number of peptides were slightly larger than in carries the same charge, is a closed-shell ion, and binds with
PSII with and without the 17 and 23 kDa extrinsic polypep- high affinity. Cc?* replaces C# in other proteins without
tides. The energy difference in PSIl is small, less than the large structural perturbations and even preserves hydrogen-
value of a hydrogen bond, and so it is unlikely that the bonding networks30, 3J). In the case of concanavalin A,
extrinsic polypeptides have a significant structural effect on CcP* will restore activity é8), yet it does not support activity
the C&"-binding site. We attribute the weaker binding of in PSIl. What is the distinguishing factor among the metal
the metal ions in the absence of the 17 and 23 kDa extrinsicions that determines functional competence in PSII?
polypeptides to an increase in the local effective dielectric ~ Several proposals assign a structural role for*@aPSlI,
in the vicinity of the OEC. In the absence of the extrinsic such as maintaining the structural stability of the,Mluster
polypeptides, bulk water approaches the lumenal surface of(49). C&" has been implicated in organizing the ligand
PSII much more closely. An increase in the local dielectric environment of the OEC, similar to the structural role played
will partially screen the electrostatic interactions that govern by Zr?* in Cu/Zn superoxide dismutasg(). It has also been
cation binding in the CA-binding site. Furthermore, it seems suggested that €a participates in conformational changes
unlikely that the extrinsic polypeptides serve as a significant (8) and K, shifts of carboxylate group$1) during S-state
diffusion barrier to C&" exchange in dark-adapted samples advancement. Cahas been assigned the role of the docking
because we and other$4] demonstrate that, even in Ex- site for CI- so that the availability of Clis not rate-limiting
depleted PSIl membranes, it také h for C&* to equilibrate during S-state cyclingd2, 53. These proposals suggest that
with the bulk medium in the dark (Figure 1B). The purpose structural factors should determine whether a metal ion can
of the extrinsic polypeptides does not seem to be to preventfunctionally replace Cd in PSII. However, we can rule out
equilibration of C&" with the bulk medium, but rather to  a purely structural role for Ca based on the results of our
increase the affinity of the Casite, probably by providing  metal ion binding studies. Many of the metal ions investi-
a low-dielectric environment in the vicinity of the OEC. The gated in this study have a preferred geometry but still bind
reason Ex-depleted PSIl samples typically have very low quite well in a rigid binding site optimized for a spherical

AG (keal/mol)
n
1

Z/ir (e/A)
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metal ion, so it is unlikely that the coordination geometry

of the ligand sphere is distorted. If geometry were important,

the site would not display the rigid size selectivity for

Vrettos et al.

12.8) compared to the other metal ions in Table 1, and so
we propose that D, and not OH, is the form of the C& -
bound substrate molecule 2Sis the only other catalytically

multivalent metal ions, but would reject those metals that competent metal ion because it§,ps sufficiently high that

are not compatible with the ligand geometry of the site.
Furthermore, based on the argument made above f&t, Cd
it remains unclear why the requirement for’Cés so strict,
allowing only S?* to reconstitute activity.

Recently, a few groups have put forth proposals in which
C&" plays a direct role in water oxidation chemistry. In the
model of Pecoraro et al.,, a terminal Mn&¥p species
undergoes a nucleophilic attack by a®Gaound hydroxide
ligand to form a Mn-bound hydroperoxid®8). Density
functional theory calculations conducted by Sieghab) (
in which C&" is directly bridged to the Mncluster byu-OH
or u-O ligands suggest that €ais required to form an
oxygen radical in the $Sstate. Our group proposed that’®Ca

it provides HO and not OH as a ligand.

In a recent paper, Babcock and co-workers showed that
substitution of St for Ca' results in a slowing of the
reduction of ¥* (58). These authors argue that if Cavere
involved directly in water oxidation, then only the<®
bond-forming step should be affected by**Ssubstitution
and not any prior S-state advances. They conclude that small
disturbances within the OEC lead to the slowing of* Y
through an increase in the activation barrier for proton-
coupled electron transfer. However, this argument does not
preclude C& from having a direct role in water oxidation
in addition to having an effect on the structure of the OEC.
If Ca?" binds close to the Mncluster, as is thoughtl6—

binds a substrate water molecule and tunes its reactivity for 18), then C&" will necessarily have an effect on the structure

nucleophilic attack on a terminal Mn(¥0O species ).

We postulate that Ca plays an active role in water
oxidation and can only be substituted by'Sbecause the
electronegativity of the two metal ions is similar, which is
directly related to their Lewis acidity and hence th¢, pf
their water ligandsg5). The function of C&" as a Lewis
acid is to tune the Brgnsted acibase properties of a
coordinated water molecule that either is involved in a

proton-coupled electron-transfer pathway and/or is a substrat

in O, formation. Other metal ions fail to support oxygen
evolution because their Lewis acidity is too far out of the
range required for activity (Table 1), which makes the

coordinated water too strong of a Brgnsted acid. The result

is that either the hydrogen-bonding network of the OEC is
disturbed or the coordinated water deprotonates to form.OH

of the OEC. The primary role of Cain water oxidation is
not structural, however, or any divalent cation of the
appropriate size would support activity. Rather, the strict
requirement for C& or SP* appears to be related to a
physical characteristic of the metal ions, their Lewis acidity.

All of the other metal ions in Table 1 that compete for
the C&*-binding site would, in our model, be sufficiently

strong Lewis acids that they would provide Okather than

H,0 as a ligand. The inhibition of water oxidation by these
metal ions could possibly be due to protonation of basic sites
within the OEC, as proposed by Penner-Hal&it),( or
because OHis not a viable substrate. For example, Babcock
and co-workers have argued that attack of Obh a
Mn(V)=0 species may not be favorable due to the slight

This idea is similar to one proposed by Penner-Hahn and negative charge of the metabxo moiety £9), which would

co-workers to explain why the 2.7 A distance attributed to
Mn—Mn scattering in EXAFS spectra of PSIl was sensitive
to the replacement of Gaby Dy*" (56). The observations
were explained by a model in which a Téound water
molecule forms a hydrogen bond with @&oxo bridge
between two Mn ions. Because Byis a much stronger
Lewis acid than CH, water bound to DY is a stronger
Brgnsted acid and may protonate the bridgingxo, thus
changing the MaMn distance. Protonation of the-oxo

electrostatically repel OHand significantly increase the
activation energy of ©0 bond formation §0). In addition,
protonation of basic groups in the OEC or simply lack of
two protons on the Ca-bound water may disrupt the
hydrogen-bonding network and prevent proton-coupled
electron transfer leading to S-state advancement.

In conclusion, we found that the &abinding site in PSI|
is composed of a rigid array of ligands that discriminates
C&" from other physiological metal ions based on size and

bridge would also be expected to change the reductioncharge. The low dielectric of the site is maintained by the

potential of the Mg cluster §7) that may prevent its
oxidation by Yz* in Dy3*-substituted PSII.

In our model of the OECY)), a substrate water molecule
bound to C&" forms a hydrogen bond to a bridgingoxo

of the Mn, cluster, as proposed by Penner-Hahn and co-

workers 66). Oxidation of the Mg cluster via proton-

17 and 23 kDa extrinsic polypeptides, which increases the
binding affinity of cations for the site. Given that so many
divalent cations bind competitively in the €abinding site,

but only C&" and St restore activity, we propose that the
role of C&" in PSII is chemical rather than purely structural.
We present a model for the participation of?Can water

coupled electron transfer leads to the formation of a oxidation in which C&" acts as a Lewis acid and binds a

Mn(V)=0 species in the Sstate that undergoes a nucleo-
philic attack by the Ca-bound water molecule. This would
transiently form a Mn(l11)-OOH moiety which releases O
following reduction of the Mn cluster. There are two
possibilities for the protonation state of the electrophilié'Ca
bound water, either OH or H,O. When buried in the
hydrophobic interior of a protein, theékp of water bound to

substrate water molecule that undergoes nucleophilic attack
on a Mn(V)=O species in G0 bond formation. Other
cations inhibit water oxidation by promoting the deproto-
nation of this water molecule to form OHwhich may not

be a viable substrate, or by disrupting the hydrogen-bonding
network in the OEC and retarding proton-coupled electron
transfer. This proposal can be tested by examining the effect

a metal ion is usually lowered several units; nonetheless, of pH on the activity of metal ion-substituted PSII. We are

the relative ordering of the Lewis acidity of the metal ions currently conducting experiments to investigate the pH
in Table 1 will remain the same. Taking this into consider- dependence of oxygen evolution in PSII samples treated with
ation, the Ca&" aqua ion is still a weak Lewis acid Kp = various metal ions.
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