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ABSTRACT: The 33 kDa manganese-stabilizing extrinsic protein binds to the lumenal side of photosystem
II (PS II) close to the Mn4Ca cluster of the oxygen-evolving complex, where it limits access of small
molecules to the metal site. Our previous finding that the removal of this protein did not alter the magnetic
coupling regime within the manganese cluster, measured by electron spin-echo envelope modulation
[Gregor, W., and Britt, R. D. (2000)Photosynth. Res. 65, 175-185], prompted us to examine whether
this accessibility control is also true for substrate water, using the same pulsed EPR technique. Comparing
the deuteron modulation of the S2-state multiline signal of PS II membranes, equilibrated with deuterated
water (D2O) after removal or retention of the 33 kDa protein, we observed no change in the number and
the distance of deuterons magnetically coupled to manganese, indicating that the number and distance of
water molecules bound to the manganese cluster are independent of bound 33 kDa protein in the S1 state,
in which the sample was poised prior to cryogenic illumination. A simple modulation depth analysis
revealed a distance of 2.5-2.6 Å between the closest deuteron and manganese. These results are in
agreement with our refined X-ray absorption analysis. The manganese K-edge positions, reflecting their
oxidation states, and the extended X-ray absorption fine structure amplitudes and distances between the
manganese ions and their oxygen and nitrogen ligands (1.8, 2.7, and 3.3-3.4 Å) were independent of
bound 33 kDa protein.

Oxidation of ubiquitous water to dioxygen is the basis for
plant-type (oxygenic) photosynthesis, carried out by cyano-
bacteria, algae, and green plants. It produces the majority of
the earth’s biomass, and the resultant dioxygen delivered into
the atmosphere allows for aerobic life. This water-splitting
reaction, in essence the reversal of respiratory dioxygen
consumption, is catalyzed by the oxygen-evolving complex
(OEC1) of photosystem II (PS II). PS II is a transmembrane
protein complex of the thylakoid membrane which is located
in the chloroplast in algae and plants (1). PS II consists of
ca. 25 different polypeptide subunits and is organized as a

core structure with ca. 20 subunits, surrounded by the
chlorophyll-containing light-harvesting complex which func-
tions as an antenna. The catalytic heart of the core is the
reaction center formed by the D1 and D2 proteins which
bind the redox cofactors constituting the electron transport
chain from the light-excited primary donor P680 (a chlorophyll
a species) to plastoquinone QB, with pheophytin and plas-
toquinone QA intermediates. The highly oxidizing radical
P680

+ is ultimately rereduced by water. The coupling of the
four-electron oxidation of two water molecules (yielding one
dioxygen molecule) to the one-electron chemistry of P680

necessitates a well-regulated catalytic unit acting as a charge
accumulator, to prevent formation of partially oxidized water-
derived species such as superoxide and peroxide which would
be cytotoxic upon premature release from the protein. This
is all accomplished by the OEC, localized at the lumenal
side of the PS II reaction center (2, 3).

It is widely accepted that the OEC consists of a tetraman-
ganese cluster, additional essential cofactors (one Ca2+ ion
and one Cl- ion), and a redox-active tyrosine of the D1
protein, YZ. From EXAFS studies, the structure was shown
to include two or three 2.7 Å Mn-Mn distances and a Mn-
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Mn distance at 3.3 Å, including one or two Mn-Ca distances
at 3.4 Å. Several topological models were proposed on the
basis of these parameters (3). More recently, one of the
models, a trimer-monomer or “dangler” model, was shown
to give a good interpretation of EPR and ENDOR data (4).
The two first crystal structures of oxygen-evolving PS II at
3.8 Å (5) and 3.7 Å (6) resolution were inconclusive as to
the exact arrangement of the Mn ions, whereas the most
recent crystal structure proposed a cubelike Mn3CaO4 cluster
connected to a fourth Mn ion bridged via a single oxygen at
the corner of the cube (7). In this model, the amino acid
residues which serve as Mn ligandssat least one histidine,
two aspartate, and two glutamate residuessare provided by
the D1 protein, and another glutamate is provided by the
CP43 protein.

Despite intensive biophysical research, the mechanism by
which the OEC splits water is still unknown. The framework
for the mechanism of water oxidation is provided by the Kok
cycle model (8): four successive photooxidation steps of P680

drive four successive one-electron oxidation steps of the OEC
(the S-state transitions), with tyrosine YZ mediating electron
transfer between the OEC and P680. Once the cluster is
assembled and undergoing active turnover, the most reduced
functional state is termed S0, and following four sequential
photooxidation steps, the resulting transient S4 state releases
product O2 and the OEC is cycled back to the S0 state. The
S1 state is the dark stable state and lacks EPR signals in the
standard, perpendicular polarization mode, whereas the S2

state is well-characterized by a spinS ) 1/2 multiline EPR
signal atg ) 2 featuring ca. 18-22 55Mn hyperfine lines, in
addition to a broadg ) 4.1 signal which is attributed to a
higher spin state of the Mn cluster (2, 9).

Various structural models of the OEC and mechanistic
models of water oxidation have been proposed on the basis
of structural insights from EXAFS and EPR spectra, XANES-
derived oxidation states of the Mn ions, the chemistry of
model Mn complexes, mass-spectrometry-derived H2O ex-
change rates, H+ release kinetics, EPR- and UV-spectroscopy-
derived electron-transfer kinetics, and theoretical calculations
(10-16). The most recent crystal structure of PS II (7)
imposes further constraints (17). There is a large consensus
that the Mn4Ca cluster is the site of substrate water binding
and oxidation, that at least three of four Kok transitions
involve Mn oxidation, and that electron transfer to YZ is
coupled to substrate-derived proton or hydrogen abstraction
by YZ

• in one or more Kok cycle transitions. However, basic
questions remain open. The following are examples: At
which S-state transitions do the two substrate water molecules
bind and at which steps are they oxidized? What is the
specific nature of substrate binding? Are both substrate water
molecules bound to Mn ions or might one be bound to the
essential Ca cofactor?

EPR spectroscopy probing substrate, substrate analogue,
and inhibitor binding, including the use of specific labeled
isotopes, can directly address such questions. For example,
the following results were obtained: (i) Line broadening of
the multiline CW-EPR signal of PS II preparations equili-
brated with H2

17O suggested water ligation to Mn (18). (ii)
Complementing ESEEM experiments (vide infra) using the
same type of samples revealed coupling between Mn and
17O (19). (iii) Pulsed ENDOR of the S2-state multiline signal,
using untreated PS II or PS II equilibrated with D2O, revealed

exchangeable protons strongly coupled to Mn (15). (iv)
Complementing ESEEM experiments using the same type
of samples also revealed strong isotropic coupling to
exchanged deuterons and allowed for a quantitative analy-
sis: the best fit was obtained with three groups of two
deuterons at 2.67, 2.71, and 3.43 Å, respectively, in a point
dipolar approximation (15). This was considered compatible
with substrate ligated to Mn in the S1 and S2 states. (v)
ESEEM of the S0-state multiline signal, also using the same
type of samples, suggested substrate binding in the initial
S0 state (15). (vi) ESEEM of PS II treated with methanol
deuterated at the nonexchangeable methyl hydrogens showed
methanol binding near (or directly to) the Mn cluster in the
S1 and S2 states (20), and ESEEM of PS II treated with14N
or 15N ammonia showed ammonia ligation to Mn in the S2

state (21). ESEEM studies on PS II simultaneously treated
with deuterated methanol and ammonia showed that both
ligands bind independently (Evanchik, M. A., Peloquin, J.
M., and Britt, R. D., unpublished results), and it is appealing
to consider this evidence for two distinct substrate-binding
sites at the OEC. (vii) The induction of the S0-state multiline
signal by methanol (22, 23) also suggested methanol binding
in S0, thus reflecting substrate binding in S0 in the absence
of the alcohol. These EPR-based results can be compared
with those from time-resolved mass spectrometry probing
S-state-dependent substrate exchange: Wydrzynski (12)
found that two substrate molecules bind and probably react
asymmetrically. The first H2O molecule is already bound in
the S0 state, but the second does not bind before formation
of the S3 state.

Ordered substrate bindingsboth spatially (to achieve
proper orientation for O-O bond formation) and temporally
(in the course of the Kok cycle)sseems essential for optimal
functioning of the OEC. At the same time, exclusion of
potential exogenous reductants from the highly oxidizing
OEC would be beneficial. Such an accessibility control has
been ascribed to three extrinsic protein subunits of PS II
which bind to its lumenal side (24), in particular the 33 kDa
protein (named after its apparent molecular mass), also called
the manganese-stabilizing protein (25); in its absence the
OEC remains relatively stable and enzymatically active,
demonstrating that this protein is not essential for creating a
structurally intact and functioning OEC, and suggesting that
the protein is not involved in Mn binding. No Mn ligands
from the 33 kDa proteins are assigned in the crystal structure
of PS II (7). However, for function without the 33 kDa
protein, at least 100 mM Cl- must be provided in the buffer
medium; at low Cl- concentration, two of the four Mn ions
are released from their site and the activity is lost. Two
additional proteins, with apparent molecular masses of 17
and 23 kDa, further stabilize the binding of the Cl- as well
as the Ca2+ cofactor at physiological concentrations of these
ions (24).

One copy of each of these proteins binds to the PS II core.
An 8 Å structure of plant PS II, based on single-particle
electron microscopy, revealed the location of the 33 kDa
protein and the 17/23 kDa proteins, which form lumenal side
caps on the D2 and D1 proteins of the reaction center (26).
The crystal structures of cyanobacterial PS II confirm this
position of the 33 kDa protein, showing a 35-45 Å long
â-cylinder tilted against the membrane by 45° and approach-
ing the membrane interface close to the Mn site (5-7). In a
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previous ESEEM report (27) we showed that the structural
integrity of the Mn cluster, including the histidine-derived
N-ligand, is retained in the S1 and S2 states upon removal of
all three extrinsic proteins under appropriate salt conditions
(200 mM Cl-, 10 mM Ca2+), and in a previous EXAFS study
(28) we failed to detect changes of the 1.8 Å Mn-O/N and
2.7 Å Mn-Mn vectors, providing a rationale for the
observation that these proteins are not required for catalytic
activity.

However, removal of the extrinsic proteins leads to some
changes of reactivity of the OEC: the access of exogenous
ligands or reductants of Mn is generally enhanced, and the
absence of the 33 kDa protein slows the S3 f (S4) f S0

transition (25). It has been proposed that the 33 kDa protein
forms a water channel that allows controlled substrate access
to the OEC, hence optimizing the overall water oxidation
rate (29). The effect of the 33 kDa protein on OEC reactivity
could be direct, or indirect via allosteric interactions with
other subunits. Although it is concluded from the crystal
structure (7) that the 33 kDa protein does not provide any
of the Mn ligands, a direct interaction with the OEC, i.e., a
participation in forming the OEC cleft within the PS II
complex and thus a control of substrate binding, seems
possible from its location close to the Mn site (vide supra).
On the other hand, similar features of 33 kDa protein-
depleted compared to Cl-depleted, 33 kDa protein-intact PS
II samples were taken as evidence that the 33 kDa protein
acts entirely by maintaining Cl- in its functional site. As to
indirect interactions, single-particle electron microscopy
indeed detected specific long-range structural rearrangements
of PS II (30): removal of the 17 and 23 kDa proteins or of
all three extrinsic proteins resulted in a ca. 1 nm shift of the
antenna protein CP29 or of the light-harvesting complex
trimer, respectively, toward the PS II core. The presence of
the 33 kDa protein also changes the conformation of the
lumenal side of reaction center protein(s), probably D2, so
that the 23 kDa protein binds more strongly to its docking
site (24). In addition to the effects of the binding of the 33
kDa protein on the structure of the entire PS II complex, its
own conformation appears to be regulated by the S states of
the OEC (31). This reinforces the idea that this protein fine-
tunes the water oxidation cycle in some way.

In this paper, we report the results of the use of ESEEM
spectroscopy to probe exchangeable hydrogen nuclei at the
Mn site in the presence and absence of the 33 kDa protein.
ESEEM is a pulsed EPR technique that measures relatively
weak magnetic coupling between an electron spin, here the
one associated with the S2-state multiline signal of the Mn
cluster, and nuclear spins of nearby ligand atoms out to a
distance of ca. 5 Å. Three-pulse ESEEM utilizes a pulse
sequence that leads to formation of a “stimulated” spin echo;
unlike its two-pulse counterpart, this technique offers the
advantage to suppress the modulation effect of an unwanted
class of nuclei (32, 33). We also performed a refined EXAFS
analysis, using an improved technology compared to that of
Cole et al. (28), to detect possible changes of the Mn cluster
structure in the absence of the 33 kDa protein. In addition,
we used deuterated glycerol to test whether its long-known
effect on the EPR signals of the Mn cluster is due to direct
binding at the OEC, as is the case for methanol. Both
alcohols shift the equilibrium between the two S2-state sig-

nals (multiline andg ) 4.1 signals) toward the multiline
signal (2).

EXPERIMENTAL PROCEDURES

PS II membranes (“BBY” particles) were prepared from
spinach as in ref34. Each independent preparation (four for
ESEEM and three for XAS) was split into two aliquots, one
for depletion of the 33 kDa protein (along with the 17 and
23 kDa proteins) and one as a control. Depletion of the 33
kDa protein has been performed using the urea (27) or the
CaCl2 (28) method. For comparison, an additional sample
was depleted for the 17 and 23 kDa proteins only (27).
Loading of EPR samples has been performed as in ref27.
For EXAFS analysis, the samples were finally resuspended
in 26 mL of the last washing buffer and pelleted at 40.000
rpm for 70 min at 4°C in a Ti60 rotor. The very dry pellet
was loaded into Lucite holders (inner dimensions 18× 2.5
× 0.8 mm) with a spatula and frozen in liquid nitrogen. All
procedures were done in dim green light.

For D2O experiments, 33 kDa protein-depleted samples
were equilibrated with D2O by washing the pellet, obtained
after the second urea or CaCl2 treatment, two times with
buffer A/200 mM NaCl made with pure D2O. Using a glass
electrode, this buffer was set to a pH of 5.6, corresponding
to a pD of 6.0 (35), with solid NaOH (to minimize the
concentration of protons). Undepleted samples were kept on
ice during depletion of their counterpart aliquot and were
washed two times with buffer A made with D2O as above.
The total time of exposure to D2O was ca. 1 h until freezing
and exactly the same for parallel samples (plus/minus 33
kDa protein) which were to be compared in subsequent
analysis. Unlabeled samples were washed two times with
the respective buffers made with H2O.

For glycerol treatments, undepleted and 33 kDa protein-
depleted samples, obtained as in ref27, were finally washed
once with buffer A or buffer A/200 mM NaCl, respectively,
containing 30% m/v unlabeled glycerol (h8-glycerol) or an
equimolar amount of glycerol deuterated at the nonexchange-
able positions (d5-glycerol, Cambridge Isotope Laboratories
Inc.). Samples were repelleted after 30 min of dark incubation
on ice.

Oxygen evolution measurements and Western analysis
using an anti 33 kDa protein antibody were performed as in
ref 27. Continuous wave EPR spectra were measured on a
Bruker ECS 106 X-band spectrometer equipped with a
Bruker ER4116DM cavity, an Oxford ESR900 liquid helium
cryostat, and an Oxford ITC503 temperature controller.
Pulsed EPR spectra were measured on a home-built X-band
spectrometer (36). First dark-adapted and then illuminated
spectra were measured; the analyzed light minus dark
difference spectra then show modulation only from nuclei
coupled to the light-induced S2-state multiline signal, and
not from any background paramagnetic signals. Illumination
was performed at 200 K as in ref27.

X-ray absorption spectroscopy of dark-adapted samples
was performed at the wiggler beamline 7-3 of the Stanford
Synchrotron Radiation Laboratory with a beam current of
65-100 mA at 3.0 GeV as detailed in ref37. The unfocused
beam was dispersed by a Si[220] double-crystal monochro-
mator, and a 13-element Ge detector measured the Mn X-ray
fluorescence,F, which yielded the absorption asF/I0 (I0 )
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incident flux). The sample temperature was maintained at
10 K with a CF1208A cryostat (Oxford Instruments). KMnO4

was used for energy calibration. Scans were collected from
6520 to 7100 eV with step sizes of 0.2 eV in the XANES
region (6535-6575 eV) and 0.05 Å-1 in the EXAFS region
(k ) 2-12 Å-1). Four XANES and ca. 20 EXAFS scans
were averaged. Data were analyzed as in ref37. Briefly, the
K-edge was defined as the zero crossing of the second
derivative of the XANES spectrum. For EXAFS, the energy
E was converted to the wave vectork:

whereh is Planck’s constant,me the electron mass, andE0

the edge peak (6563 eV), weighted byk3 and background-
subtracted. Finally, Fourier transforms were calculated.
Details of the EXAFS and fitting methodology are described
in the Supporting Information.

RESULTS

Oxygen evolution activities in saturating light were 310-
570 (µmol of O2) h-1 (mg of chlorophyll)-1 for undepleted
and 130-200 (µmol of O2) h-1 (mg of chlorophyll)-1 for
33 kDa protein-depleted PS II membranes. Depleted samples
showed 35-43% activity compared to untreated aliquots of
the same preparation. The reduced activity reflects a slower
S3 f S0 state transition (25). At nonsaturating light intensities
depleted samples approached ca. 80% of the control; this
reflects the fraction of enzymatically active centers. Western
blot analysis confirms the complete removal of the 33 kDa
protein; Figure 1 shows intact and depleted samples of a
representative preparation (preparation 5, used for EXAFS
analysis). The depleted sample (lane a) displays a much
fainter band than 0.5% of the intact aliquot (lane b).

Representative CW-EPR control spectra (from preparation
6, used for EXAFS analysis) are shown in Figure 2. They
display the S2-state multiline signal atg ) 2 in the presence
(trace a) and absence (trace b) of the 33 kDa protein, with
minor modifications in the high-field hyperfine pattern as
reported previously (27, 38). A clearg ) 4.1 signal, seen in
the spectrum of the undepleted sample, is missing in the
depleted sample, as reported before (27). The substructure
of the multiline peaks has been shown to be entirely due to
partially resolved hyperfine coupling of the four55Mn nuclei
to the electron spin rather than to “superhyperfine” coupling
of ligand nuclei. This has been demonstrated through the
lack of differences in the multiline signal after14N-15N,

Cl--Br-, or H2O-D2O exchange (2). We repeated this test
with PS II samples lacking the 33 kDa protein as a pretest
to our pulsed EPR analysis (vide infra), which provides a
much more sensitive method to address changes in super-
hyperfine couplings. If more D2O molecules were coupled
to the Mn cluster in this case, there might be a contribution
of deuteron coupling to the CW multiline substructure. A
small field modulation amplitude (0.5 G) was used to
increase the sensitivity for small changes in line shape. The
comparison of second-derivative multiline spectra of H2O-
versus D2O-treated samples failed to detect changes in line
width or line shape, in the presence or absence of the 33
kDa protein (not shown).

For three-pulse ESEEM analysis of water access to the
OEC, four independent preparations of PS II membranes
were used; for each an aliquot of the intact sample was
compared with a 33 kDa protein-depleted aliquot for which
the urea method (preparations 1-3) or the CaCl2 method
(preparation 4) was used. Figure 3 shows three-pulse ESEEM
traces from dark-adapted (traces a) and illuminated (traces
b) undepleted samples that have been equilibrated with D2O
(panel A) or H2O (panel B), as well as light-minus-dark
difference traces (traces c). Modulation of the multiline-
specific spin echo by deuterons magnetically coupled to Mn
is evident in the difference trace of panel A, whereas the
(smaller) proton modulation of panel B is largely suppressed
because of proper choice of theτ value; this is important to
obtain the pure deuteron modulation after ratioing (vide
infra), which eliminates only contributions of nuclei (here
14N) present in both H2O and D2O traces. The difference
traces have then been normalized to the sample concentration
by normalizing at the first maximum of the deuteron
modulation; this approximately represents the unmodulated
spin-echo intensity which is thus proportional to the spin
concentration. This procedure is a good approximation, if
the echo decay is comparable for H2O and D2O samples.
Spectra of H2O- and D2O-treated 33 kDa protein-depleted
samples were measured in an analogous way (not shown).

FIGURE 1: Western blot of 33 kDa protein-depleted (12µg of
chlorophyll, lane a) and 0.5% (lane b), 1% (lane c), 2% (lane d),
and 100% (12µg of chlorophyll, lane e) untreated PS II membranes.

k ) (2π/h)[2me(E - E0)]
1/2

FIGURE 2: CW-EPR (light-minus-dark) difference spectra of
untreated (a), 33 kDa protein-depleted (b), undepleted/glycerol-
treated (c), and 33 kDa protein-depleted/glycerol-treated PS II
membranes. Theg ) 2 peak of the stable tyrosine radical YD

• was
deleted from each spectrum. The spectra were normalized to the
double-integrated YD• signal. Instrumental parameters: microwave
frequency, 9.68 GHz; microwave power, 5 mW; field modulation,
10 G/100 kHz; time constant, 41 ms; conversion time, 82 ms;
temperature, 7 K; 12-24 scans per trace were averaged.
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A total of 14 of the 16 normalized difference traces (H2O/
D2O for plus/minus 33 kDa protein from four independent
preparations) aligned well (not shown), demonstrating a fairly
reproducible echo decay (essentially spin-spin relaxation).
Two traces which deviated by ca. 20% and 60%, respectively,
have been rescaled to the average decay (using double-
exponential fits). The normalized D2O and H2O difference
traces have been ratioed to obtain the pure deuteron modula-
tion. Ratioed time domain spectra correspond to difference
frequency domain spectra. Figure 4 compares these D/H ratio
traces of undepleted and 33 kDa protein-depleted samples
from each preparation. For preparation 1 the first maxima
are slightly larger than unity because the H2O trace had a
smaller intensity than the D2O trace at a position (420 ns)
immediately before the position of normalization (440 ns).
A comparison of the four panels shows some sample-to-
sample variation, but no reproducible change of the modula-
tion depth, which reflects the number and/or distance of
deuterons coupled to Mn, is evident for 33 kDa protein-
depleted samples. The traces of preparation 2 are overlayed
with the ratio trace of a D2O-treated PS II sample lacking
the 17 and 23 kDa extrinsic proteins only. All three traces
are very similar.

For a quantitative approach we assume that the modulation
depth of the first two deuteron cycles is dominated by one
(the closest) deuteron. We used the procedure of Mims (39)
that had previously been applied to xanthine oxidase (40)
to obtain an upper limit for changes in the distances
between the deuterons and Mn, and we refer to ref15 for a
more complete analysis. The modulation depth (d) was

calculated as

whereA andB are the first and second maxima, respectively,
andT is the first minimum of the ratio trace. This translates
into a deuteron-Mn distance,r (strictly the distance between
the closest deuteron and the center of the electron spin
delocalized over the four Mn ions):

whereg is the apparentg factor of the excited hole of the
multiline signal (calculated from the used microwave fre-
quencyν ashν/âH0), â the Bohr magneton, andH0 the static
magnetic field. This is a good approximation for dipolar
coupling where the modulation occurs at the deuteron Larmor
frequency (ca. 2 MHz at the static field used in this study),
without side peaks in the Fourier transform spectrum (not
shown) that would indicate strong exchange coupling. Table
1 shows the results for the four independent PS II prepara-
tions. For preparation 1, removal of the 33 kDa protein results
in a 1% increase of the apparent D-Mn distance (decrease
of modulation), for preparation 3, a 1% decrease of the
distance (increase of modulation) was observed, and virtually

FIGURE 3: Time-domain three-pulse ESEEM traces of undepleted
PS II membranes from preparation 1 equilibrated with D2O (panel
A) or H2O (panel B) buffer in the S1 (traces a) and S2 (traces b)
states. The difference traces (traces c) are trace b minus trace a,
respectively. The traces have been offset for clarity. For instrumental
parameters, see Figure 4.

FIGURE 4: Three-pulse ESEEM D/H ratio traces of undepleted
(solid traces) and 33 kDa protein-depleted (dotted traces) PS II
membrane samples from four independent preparations. Each trace
is the ratio of normalized difference traces (e.g., Figure 3, traces
c) of deuterated and protonated samples. For comparison, the D/H
ratio trace of 33 kDa protein-intact, 17/23 kDa protein-depleted
PS II membranes is included in the panel “preparation 2” (dashed
trace). Instrumental parameters: microwave frequency, 9.265 GHz
(preparations 1-3), 9.312 GHz (preparation 4); static field, 3220
G (preparation 1), 3420 G (preparation 2), 3380 G (preparation 3),
3417 G (preparation 4); microwave power, 20.0 W;τ, 219 ns
(preparations 1 and 3), 206 ns (preparation 2), 206 ns (preparation
4); T increments, 20 ns;π/2 pulse, 15 ns; repetition time, 5 ms;
temperature, 4 K; each data point is the average of 20 echoes; 40
scans per trace were averaged.

Table 1: Deuteron-Mn Distances (r/Å) Estimated from the
Modulation Depth (d, in Parentheses) of Four PS II Preparations

preparation
plus 33 kDa

protein
minus 33 kDa

protein

1 2.56 (0.797) 2.59 (0.744)
2 2.51 (0.701) 2.50 (0.724)
3 2.55 (0.680) 2.51 (0.733)
4 2.50 (0.726) 2.51 (0.712)

d ) (A + B - 2T)/(A + B)

d ) (32/5)(gâ/H0r
3)2
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no change was evident for preparations 2 and 4. Despite this
small sample-to-sample variation, we regard these data as
evidence that the 33 kDa protein does not influence D2O
binding to the OEC in the S1 state (illumination at 200 K to
advance the samples to the S2 state largely precludes ligand
rearrangements).

In a reciprocal measurement we addressed nonexchange-
able protons at the Mn site in a D2O background. Here we
choseτ to maximize the proton modulation. The modulation
by exchangeable deuterons is still dominating (Figure 5).
Since the ratio technique is not applicable in this case, we
compared the small proton peak in the Fourier transform (see
the inset) of the time domain light-minus-dark difference
traces obtained from D2O-treated undepleted and 33 kDa
protein-depleted samples after normalization to the first
maximum. The peaks, centered at the proton Larmor
frequency at the used static field (14.5 MHz), show no
difference in intensity or line width.

Figure 2 also shows CW-EPR spectra of undepleted (trace
c) and 33 kDa protein-depleted PS II membranes (trace d)
after treatment with 30% glycerol. The expected effect on
theg ) 4.1 signal is seen: it is largely reduced compared to
those of samples resuspended in the conventional sucrose
buffer (trace a). Interestingly, a clear although also reduced
g ) 4.1 signal is seen in the 33 kDa protein-depleted sample.
This signal cannot be attributed to residual undepleted centers
which are present to less than 0.5% (see Figure 1). Figure
6A shows three-pulse ESEEM traces of dark-adapted (trace
a) and illuminated (trace b) 33 kDa protein-depleted,
d5-glycerol-treated PS II membranes as well as the light-
minus-dark difference trace (trace c and panel B, solid trace
a). The low-frequency modulation seen in this difference
trace is identical to that of the difference trace of theh8-
glycerol-treated sample (panel B, dotted trace a) and thus
cancels in the D/H ratio (trace c). This modulation at ca. 4
MHz arises from nitrogen coupled to Mn (41). An analogous
analysis of undepleted samples gave the same result (panel
B, trace b). Consequently, there is no detectable coupling of
glycerol-derived deuterons to the Mn cluster, irrespective of
the presence or absence of the 33 kDa protein. From the

noise level we estimate, using the simple modulation depth
analysis (vide supra), a minimal distance of 6 Å between
glycerol and the Mn cluster. This is clearly incompatible with
direct ligation to Mn. We note that at the low-field position
of 3220 G appreciably more deuteron modulation was
detected (more than expected from the weak field dependence
of the modulation depth); we regard the high-field data (3420
G) to be more significant since it is known that the low-
field side ofg ) 2 has more Mn2+ contribution to which we
attribute the observed modulation difference.

Figure 7 shows the XANES spectra from undepleted and
33 kDa protein-depleted PS II samples in the S1 state. Each
spectrum is the average from three independent PS II
preparations. The Mn K-edge positions and shapes are almost
identical for the two types of samples. The zero crossing of
the second derivative defines the inflection-point energy, an
indication of the K-edge position, which is 6552-6553 eV
for both traces. The EXAFSk-space spectra (Figure 8) and
their Fourier transforms (Figure 9) also show average traces
from three independent PS II preparations. Table 1 of the
Supporting Information lists the number and distances of
backscattering atoms extracted from fits to the spectra from
the three individual preparations. No significant changes in
the Mn-O/N (∼1.8 Å) and Mn-Mn distances (∼2.7 and
∼3.3 Å) were observed when undepleted and 33 kDa protein-
depleted PS II preparations were compared.

FIGURE 5: Time-domain three-pulse ESEEM traces of undepleted
PS II membranes in D2O buffer from preparation 3. Traces a-c
and instrumental parameters are as in Figure 4, except aτ value of
238 ns was chosen to maximize1H modulation. Inset: Fourier
transform spectra of the normalized difference traces (c) of the
undepleted (solid trace) and 33 kDa protein-depleted (dotted trace)
samples, showing the region around the proton Larmor frequency.

FIGURE 6: Time-domain three-pulse ESEEM traces of 33 kDa
protein-depleted,d5-glycerol-treated PS II membranes (panel A)
in the S1 (trace a) and S2 (trace b) states. The difference trace (trace
c) is trace b minus trace a. (Panel B) The difference trace from
panel A is shown again (a, solid trace) and overlayed with the
corresponding difference trace of theh8-glycerol-treated sample (a,
dotted trace), normalized to each other. The D/H ratio of the two
traces is shown in (b). The D/H ratio obtained from undepleted
samples in an analogous way is shown in (c). The traces have been
offset for clarity. Instrumental parameters are as for preparation 2
(Figure 4).
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DISCUSSION

Three properties of the OEC are modulated by the 33 kDa
protein: (i) the structural stability via correct Cl- binding
or via keeping Cl- in a “sequestered domain”, ii) the kinetics
of the slow (late) S3 f S0 state transition (probably via Cl-

binding), (iii) limited access of small molecules. In this paper
we address the question of whether the third statement holds
for the substrate (water) as well. In principle, limitation of
water access could be a thermodynamic or kinetic limita-
tion: in the first scenario, the OEC cleft in the PS II protein
would be opened in the absence of the 33 kDa protein so
that more water molecules could bind at or near Mn; in the
second scenario, the number of water sites at or near Mn
would be preserved in the absence of the 33 kDa protein,
but the exchange rates into and out of these sites would be
elevated, so that the 33 kDa protein merely acts as a diffusion
barrier.

From our ESEEM analysis the first case can be ruled out:
no increase of proton coupling to Mn and thus no increase
of the number of bound H2O or OH- species in the first or
second coordination sphere of the Mn cluster was observed.
It has been proposed that the 33 kDa protein could provide
an O-ligand that would be replaced by H2O or OH- upon
removal (25). This is incompatible with the crystal structure
of PS II (7) and also with our results, since we do not find
an increase of modulation after removal of this protein. On
the other hand, we also fail to see contributions of nonex-
changeable hydrogens to the modulation that would decrease
after removal of the 33 kDa protein. Thus, our results agree
with the general view that the 33 kDa protein does not
provide a Mn ligand or outer sphere component. The
unchanged modulation depth after 33 kDa protein depletion
also indicates that the bonding lengths of the water molecules
coordinating Mn are not appreciably altered, reflecting an
unchanged OEC structure. A prerequisite for our comparison
of spectra from undepleted and 33 kDa protein-depleted PS
II is our previous report that the coupling regime within the
Mn cluster, as measured with nitrogen ESEEM, is not
changed in the absence of the 33 kDa protein (27). A change
of the overall coupling could potentially rescale the proton/
deuteron contributions in the 33 kDa protein depletion
spectra, masking a real change of the number or distances
of these nuclei close to Mn.

This ESEEM result is in agreement with our refined XAS
results. We present XANES and EXAFS data from PS II
samples poised in the S1 state using a refined XAS
methodology with respect to ref28 (10 versus 150-190 K
sample temperature, improved fluorescence detector, newer
fitting protocols) which might allow the detection of small
long-range structural changes. The K-edge position, which
depends on the oxidation states of the four Mn atoms of the
cluster, is 6552-6553 eV for both undepleted and 33 kDa
protein-depleted PS II, showing that the Mn cluster does not
change its redox state upon 33 kDa protein depletion. We
interpreted this value as an S2-state configuration of MnIII -
MnIV

3 in previous studies (11). The EXAFS analysis revealed
the same number and distances of neighboring atoms at∼1.8
Å (O and/or N atoms) and at∼2.7 Å (Mn-Mn interaction)
for PS II with or without bound 33 kDa protein, in agreement
with ref 28 and with numerous studies of intact PS II (11).
The third peak which was not detectable in ref28 is seen at
∼3.3 Å in 33 kDa protein-depleted PS II and in untreated
PS II. It represents a second Mn-Mn distance, and a Mn-
Ca contribution.

However, we can make these statements only for the dark
stable S1 state in which the samples have been trapped prior
to the ESEEM or XAS analysis, since illumination at 200 K

FIGURE 7: Normalized Mn K-edge XANES spectra and their second
derivatives of untreated (solid trace) and 33 kDa protein-depleted
(dotted trace) PS II membranes. Each trace is the average of the
spectra from three independent PS II preparations.

FIGURE 8: k3-weighted EXAFS spectra of untreated (solid trace)
and 33 kDa protein-depleted (dotted trace) PS II membranes. Each
trace is the average of the spectra from three independent PS II
preparations.

FIGURE 9: Fourier transform spectra of EXAFS spectra shown in
Figure 8.
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(for ESEEM) largely precludes ligand rearrangements (20).
For the future it should be interesting to see if this result
also holds for the S2 state by “annealing” the sample at higher
temperature after illumination to allow for ligand rearrange-
ments. Also a diffusional control by the 33 kDa protein
remains to be tested, since we used long-term equilibration
of PS II with D2O in this study.

If the 33 kDa protein limits water access, this does not
seem to be critical in the S1 state, most likely because (partial)
water oxidation does not occur yet in this state. Wydrzynski
(12) concludes from substrate exchange data that one
substrate is already bound to the OEC in the S0 state;
therefore, it is very likely that this H2O molecule contributes
to the measured hydrogens in our ESEEM study. However,
it is possible that water molecules (or exchangeable terminal
OH- ligands or OH- bridges at/between Mn ions) other than
substrate molecules are present at or near Mn. Indeed, from
CW-EPR studies of H217O binding to Mn, Hansson et al.
(18) concluded that at least 6 H2O molecules are present at
the Mn site. From a mass spectroscopy study, a reactive pool
of 12 H2O molecules in the OEC was concluded (42). From
EPR studies the presence of ligand-deficient Mn in the OEC
was postulated (43), and Wydrzynski et al. (29) proposed
the binding of nonsubstrate water at such a site. Indeed, the
protein-derived Mn ligands modeled into the crystal structure
of the OEC leave a number of coordination sites open to
water binding to make each Mn 6-coordinate as expected
(7). Of course, all these nonsubstrate (“structural” and
“matrix”) water molecules, within ca. 5 Å from the Mn ions,
would contribute to the measured modulation in the present
study.

The 33 kDa protein might control access in higher S-state
transitions where it is more critical to limit the number of
water molecules at/near the Mn site to avoid side reactions.
Such an S-state-dependent fine-tuning of the properties of
the 33 kDa protein is indeed likely: first indications are a
conformational change upon Mn reduction with hydroxyl-
amine (31) and deprotonation of a carboxylic acid residue
upon the S1-S2 transition (44). Alternatively or additionally,
the 33 kDa protein might regulate proton exit from the OEC
to the lumenal phase via an H-bonding network. Such a water
entry and/or proton exit channel could be represented by a
hydrophilic pathway within this protein detected in the crystal
structure (7).

We also report ESEEM data that address glycerol binding
to the Mn site in a manner analogous to that for water
binding. No deuteron modulation after treatment of either
intact or 33 kDa protein-depleted PS II with labeled glycerol
was detected. The result clearly rules out direct ligation to
Mn. This is surprising since from the similar effect of
glycerol and other small alcohols (methanol, ethanol, eth-
ylene glycol) on theg ) 4.1 signal (see Figure 2) (2) it was
assumed that all these compounds would bind to the Mn
site, which was explicitly shown for methanol (20). It must
be postulated that the mechanisms ofg ) 4.1 signal
suppression are different for glycerol and other small
alcohols. Glycerol might induce a more global change of
the structure of PS II which results in a similar change of
the magnetic coupling regime in the Mn cluster. It is worth
noting that glycerol has a well-known stabilizing effect on
the activity of PS II (see, e.g., ref45). Interestingly, the lack
of Mn binding is not the only difference between glycerol

and methanol. Different relaxation effects of these com-
pounds have been reported (46): glycerol decreased the spin
relaxation time of the S2 multiline state, whereas methanol
had the opposite effect. Our result is in agreement with
Kawamori et al. (47), who concluded from an ENDOR study
that glycerol does not bind to the Mn cluster of intact PS II.
These authors estimated a cutoff size of ca. 5 Å (between
the sizes of ethylene glycol and glycerol) for the access to
the Mn site of intact PS II. Finally, our result argues against
a model in which glycerol ligates two Mn ions prior to H2O2-
dependent oxidation to aldehyde (48), unless the centers
catalyzing this unusual reaction are structurally perturbed in
some way.

SUPPORTING INFORMATION AVAILABLE

Results of the EXAFS analysis (Table 1) and a description
of the fitting methodology. This material is available free of
charge via the Internet at http://pubs.acs.org.
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